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Editorial on the Research Topic
Immune regulation in sepsis

Sepsis leads to high morbidity and mortality worldwide without effective
treatments. Patients with severe sepsis often develop symptoms of persistent
inflammation, immunosuppression, and catabolic syndrome involving multiple cell
types, organ systems, and pathophysiological mechanisms. Mechanistically, the
immune response initiated by an invading pathogen fails to return to normal
homeostasis, leading to sustained excessive inflammation and immune suppression
in sepsis (1). Sepsis-associated excessive inflammation is prominently featured
in leukocytes (i.e., neutrophils, macrophages, natural killer cells), endothelial
cells, cytokines, complement products, and the coagulation system, while
immunosuppression is related to impaired functions of immune cells (e.g.,
exhaustion of T cells, apoptosis of T cells, B cells and dendritic cells, reduced human
leukocyte antigen-DR isotype (HLA-DR) expression by antigen-presenting cells),
diminished production of proinflammatory cytokines through epigenetic
modification and increased release of anti-inflammatory cytokines (2).

The goal of this Research Topic is to provide a forum to advance research on the
contribution of immune system to the development and progression of sepsis. We
seek to study the molecular mechanisms of cytokine release syndrome and
immunosuppression, develop biomarkers for early diagnosis and prognosis, and
explore innovative immunopharmacological interventions to treat sepsis.

We have received several original articles that report new targets for curing sepsis.
Two of them concerned neutrophil infiltration and function. Ni et al. identified Fpr2 as
a negative regulator of Streptococcus suis-induced streptococcal toxic shock-like
syndrome (STSLS). They found that Fpr2-knockout mice were less susceptible to
STSLS with increased neutrophil recruitment but without an impact on neutrophil
extracellular trap (NET) construction. Koutsogiannaki et al. defined aDB2 as a novel
potential target of sepsis. They reported that aDP2 deficiency attenuated lung injury
and improved survival in experimental polymicrobial abdominal sepsis. Further
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analyses showed that aDB2 could increase phagocytosis and
reduce apoptosis of neutrophils.

Two groups focused on the regulation of macrophage
inflammation in sepsis. Wang et al. explored the effect of
S1PR3 on NLRP3 inflammasome activation and sepsis
mortality. They observed that one of the five SIPRs, S1PR3,
was upregulated in macrophages in the inflammatory
state. Inhibition of S1PR3 significantly suppressed ATP-
induced NLRP3 inflammasome activation in macrophages.
Mechanistically, inhibition of S1PR3 suppressed the LPS
priming signal and reduced TWIK2 membrane trafficking-
mediated potassium efflux. However, the SIPR3 antagonist
increased mouse mortality in polymicrobial sepsis, suggesting
the complexity between NLRP3 inflammasome activation and
sepsis burden. Circular RNAs (circRNAs) have been linked to
the regulation of macrophage polarization and subsequent
inflammation in sepsis. Yang et al. built a sepsis circRNA
expression pool and verified circ_0075723 as one of the
markedly downregulated circRNAs, which might be related to
pyroptosis. They detected the pyroptosis-associated signature in
sepsis patients and linked pyroptosis with sepsis. circ_0075723
could inhibit pyroptosis by functioning as a sponge for miR-155-
5p and regulating SHIP1 expression in macrophages. This work
proposed that circ_0075723 could be a novel target for treating
pneumonia-induced sepsis.

Vascular endothelial cells are the first cells to sense the damage
induced by sepsis. Liu et al. identified an important role of Notch1
in maintaining vascular permeability during sepsis. Sepsis
mediators downregulated the intracellular domain of Notchl
(NICD) and downstream signaling, further impairing
endothelial barrier function. NICD overexpression and agonist
stimulation alleviated endothelial dysfunction under
inflammatory conditions in vitro and elevated the survival rate
of septic mice in vivo. This study proposed the Notch1-Akt axis as
a potential therapeutic target for sepsis. In line with this work,
Ying et al. showed that circulating SDCI1 levels were persistently
upregulated in children with septic shock and that SDC1 shedding
caused endothelial permeability under septic conditions. They
found that the drug sulodexide could reduce endothelial
permeability by preventing SDC1 shedding. Sulodexide
administration alleviated lung injury and restored endothelial
glycocalyx damage.

Cytokine signaling participates in the defense against
pathogens. Wang et al. reported that y8T cell-intrinsic IL-1R
signaling promoted survival during Staphylococcus aureus
bacteremia. Using several systematic and conditional knockout
mice, the authors found that IL-1R signaling in y3T cells (but not
in other immune cells) was involved in the defense against
bacterial infection by promoting monocyte recruitment.

Acute liver injury (ALI) is common in sepsis patients and is
significantly associated with poor prognosis. Cai et al.
investigated the roles and mechanisms of mesenchymal stem
cells (MSCs) in treating ALI in sepsis. They found that either
MSCs or exosome extracted from MSCs could attenuate ALI and
subsequent death in sepsis. Further research showed that miR-
26a-5p in MSC-derived exosome protected against hepatocyte
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death and liver injury caused by sepsis by targeting MALAT1.
Therefore, they proposed miR-26a-5p/MALAT1 as novel targets
for drug development in treating ALI in sepsis.

Two research articles focused on finding new prognostic
markers for sepsis. Two markers were incidentally related to
neutrophil infiltration. Liang et al. developed a new sepsis
prognostic risk system. They first identified pyroptosis-related
DEGs between sepsis patients and healthy cohorts, then
narrowed down the field through functional analysis and
immune infiltration analysis and constructed the prognostic
risk system based on six pyroptosis-related genes (GZMB,
CHMP7, NLRP1, MYDS88, ELANE, and AIM?2), which were all
associated with neutrophils. Four of the six genes (GZMB,
CHMP7, NLRP1, and AIM2) had potential diagnostic value in
sepsis diagnosis. Preechanukul et al. utilized a reductionist
approach leveraging publicly available transcriptomic data to
explore effective risk and outcome predictors in sepsis. They
searched for upregulated genes by in vitro exposure of
neutrophils from healthy subjects with the serum of septic
patients and identified ACVRIB as a candidate. ACVRIB
expression was shown to be upregulated in septic melioidosis
and could be a prognostic marker of sepsis.

The imbalance of pro-inflammation and anti-inflammation
can lead to sepsis. FES tyrosine kinase is highly expressed in
innate immune cells and plays a role in limiting the
overactivation of the immune system. Laight et al. studied
whether enhancing the expression of FES in early sepsis and
inhibiting its effects in late sepsis could improve outcomes. They
employed in vivo, in vitro, and clinical research methodologies to
elucidate the role of FES in sepsis. Cell types, different sepsis
models, agonists and antagonists, and timing of FES regulation
were included in their research scope to accurately evaluate the
role of FES in sepsis.

Gut motility dysfunction is the most common complication
of post-septic organ dysfunction, which involves immune and
neuronal cells. Yao et al. observed that muscular neutrophil
infiltration leading to neuron loss in the intestinal muscle caused
intestinal motility dysfunction after pneumonia sepsis. However,
neutrophil blockade was ineffective in relieving sepsis. The
authors found that MHCII™ CX3CR1"™ macrophages could
recover intestinal motility in pneumonia sepsis depending on
prostaglandin E2 (PGE2). This work provides more insights into
intestinal dysmotility after sepsis.

Immunoparalysis, an immunosuppressed state, is associated
with worsened outcomes, including multiple organ dysfunction
syndrome, secondary infections, and increased mortality. Joshi
et al. reviewed that low human leukocyte antigen-DR isotype
(HLA-DR) expression on peripheral blood monocytes was
correlated with increased risks for infection and death. In
particular, they emphasized that sargramostim, a recombinant
human granulocyte-macrophage colony-stimulating factor (rthu
GM-CSF), could stimulate and restore immune functions in
sepsis immunoparalysis.

In summary, articles in this Research Topic highlight the
critical roles of immune regulation in sepsis and are depicted
in Figure 1. However, these insights into sepsis have yet
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Perspectives of the Research Topic: Immune Regulation in Sepsis.

to be translated into effective treatments for sepsis. Further
investigations are urgently needed to better understand the
immunopathogenesis of sepsis so that better prognostic markers
and effective treatments can be developed.
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Since sepsis was defined three decades ago, it has been a target of intensive
study. However, there is no specific sepsis treatment available, with its high
mortality and morbidity. aDB2 (CD11d/CD18) is one of the four B2 integrin
members. Its role in sepsis has been limitedly studied. Using an experimental
polymicrobial sepsis model, we found that the deficiency of aDB2 was
associated with less lung injury and better outcome, which was in sharp
contrast to other B2 integrin member alB2 (CD11a/CD18), and aMp2
(CD11b/CD18). This phenotype was supported by a reduction of bacterial
loads in aDB2 knockout mice. Further analysis showed that the deficiency of
aDPB2 led to a reduction of neutrophil cell death as well as an increase in
neutrophil phagocytosis in both murine and human systems. Our data showed
a unique role of aDB2 among the B2 integrin members, which would serve as a
potential target to improve the outcome of sepsis.

KEYWORDS

integrin, aDb2, sepsis, cell death, phagocytosis

Introduction

Sepsis remains to be a huge health care burden. Sepsis is the leading cause of death in
the non-cardiac intensive care units (ICUs), accounting for more than 750,000 deaths
annually in the U.S. Lack of specific treatment against sepsis is largely responsible for its
high morbidity and mortality. Sepsis is treated conservatively with antibiotic
administration, fluid resuscitation, and respiratory support. Thus, the development of
a therapeutic to attenuate sepsis is urgently needed.
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2 integrins are a leukocyte-specific glycoprotein adhesion
molecule family consisting of o- and B-subunits responsible for
a number of leukocyte functions during infection. The critical
role of B2 integrins in infection is well illustrated by a rare
genetic disease called leukocyte adhesion deficiency type I (LAD
I), which is caused by a functional or expressional defect of 32
integrins, and characterized by recurrent infection, sepsis, and
death (1). B2 integrins consist of the four members; aL32
(CD11a/CD18, leukocyte function-associated antigen-1),
oMP2 (CD11b/CD18, macrophage 1-antigen), oXp2 (CD11c/
CD18), and aDB2 (CD11d/CD18). Among them, aLB2 and
oMPB2 have been extensively studied. oLf2 is ubiquitously
expressed on leukocytes, and involved in a number of
important leukocyte functions including trafficking and
immunological synapse formation (2). aMP2 is expressed
mainly on innate immune cells, and plays a major role in their
recruitment and phagocytosis (3, 4). Both oLf2 and oMB2
deficiency significantly worsened infection and sepsis outcome
(5-7). 0XB2 (CD11c) is widely known as a dendritic cell marker,
and its deficiency also worsened the sepsis outcome (8). aDf32
was cloned last among the 32 integrins, and the investigation on
the role of oD2 in sepsis has been limited.

The inhibition of B2 integrins as a whole may not be
desirable based on LAD I phenotype. However, the blockade
of B2 integrins mitigated lung injury in sepsis (9, 10), suggesting
that a subset of the B2 integrins serves as a potential target for
sepsis treatment. Here we hypothesized that the inhibition of a
subset of B2 integrin members would serve to protect from lung
injury and lead to the improvement of sepsis outcome.
Accordingly, the aim of this study was to determine the role of
each B2 integrin member in the development of sepsis-
associated lung injury. We found that aDP2 played a unique
role in sepsis among the B2 integrin members so that its
inhibition led to the improvement of sepsis outcome with less
lung injury.

Materials and methods
Mice

Wild type (11), CDIla (oL) knockout (KO) mice (12),
CD11b (aM) KO mice (13), CD11d (o:D) KO mice (14) were
obtained from Jackson Laboratory (Bar Harbor, Maine, USA).
CDllc (aX) KO mice were kindly given by Dr. Christie
Ballantyne (Baylor University). CD18 KO (2) KO mice were
kindly given by Dr. Dennis Wagner (Boston Children’s
Hospital). They were housed under specific pathogen-free
condition, with 12-hour light and dark cycles. All animal
protocols were approved by the Institutional Animal Care and
Use Committee (TACUC) at Boston Children’s Hospital.
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CLP surgery

All the experimental procedures complied with institutional
and federal guidelines regarding the use of animals in research.
Polymicrobial abdominal sepsis was induced by cecal ligation and
puncture surgery, as we previously performed (7). In brief, mice
were anesthetized with an intraperitoneal injection of ketamine 60
mg/kg and xylazine 5 mg/kg. Following its exteriorization, the
cecum was ligated at a 1.0 cm from its tip and subjected to a single,
through- and -through puncture using a 20-gauge needle. A small
amount of fecal material was expelled with a gentle pressure to
maintain the patency of puncture sites. The cecum was reinserted
into the abdominal cavity. 0.1 mL/g of warmed saline was
administered subcutaneously. Buprenorphine was given
subcutaneously to alleviate postoperative surgical pain. For
outcome study, mice were observed up to 7 days.

Lung injury analysis

For histological analysis, lung was fixed with 4%
paraformaldehyde for histological analysis. Lung histology was
subjected to Hematoxylin and Eosin (H&E) staining. In some
cases, we also examined bronchial lavage fluid (BAL) for protein
concentrations, and performed wet to dry ratio.

Quantitative organ culture

To determine the bacterial loads in the organs and blood,
tissue homogenates or blood were loaded on 5% blood agar
plates (Teknova; Hollister, California, USA) after surgical
dilutions and incubated for 18 hours as previously described
(15). Colonies of all morphologies on plates were counted. For
neutrophil depletion experiment, 250 pg of rat anti-Ly6G
antibody (clone 1A8, Bio X Cell, Lebanon, NH) was injected
intraperitoneally one day before CLP procedure as previously
described (16). As a control, normal rat IgG2a isotype control
was used.

Escherichia coli intraabdominal
infection model

Escherichia coli (E. coli)-GFP (ATCC25922-GFP) was
overnight cultured in Luria-Bertani (17) ampicillin (100 pg/
mL) medium at 37°C and washed twice with sterile PBS buffer.
Mice were subjected to an intraperitoneal injection of E. coli-
GFP (10° CFU). At 6 hours after the injection, peritoneal fluid
was collected by lavage using 5 mL of cold PBS buffer. Serial
dilutions of the final bacterial inocula were plated on LB-
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ampicillin (100 pg/mL) agar plates and incubated overnight at
37°C to verify the number of live bacteria injected as above.

Cell death assay

Cell death was examined using Annexin V apoptosis
detection kit (BD Biosciences, San Jose, CA, USA). Briefly
cells were stained with Annexin V-FITC. Then, cells were
subjected to flow cytometry analysis using BD Accuri C6
(BD Biosciences).

Chimeric mouse experiments

To generate mixed bone marrow chimeras, recipient mice on
the C57BL/6 background were irradiated with two doses of
550 rad with 4-hour intervals. Wild-type (WT; CD45.1) and
CD11dKO (CD45.2) derived bone marrow cells (total of 5 x
10° cells) were mixed at the ratio of 1:1 and injected into the tail
vein of lethally irradiated recipients. Mice were evaluated for the
reconstitution of the immune compartment at various time
points after bone marrow transplantation. To prevent bacterial
infection, the mice were provided with autoclaved drinking
water containing sulfatrim for 1 week prior to and for 4 weeks
after irradiation.

Phagocytosis

The neutrophil phagocytosis was done using Phagotest Kit
(Glycotope Biotechnology; Heidelberg, Germany). Mouse
neutrophils were incubated in complete RPMI 1640 on ice for
10 min, followed by the addition of FITC-E. Coli. Then the
neutrophil suspension was kept on ice as cold control or was put
into 37°C water bath for 10 min. At the end of incubation, cells
were transferred back on ice, quenched, and washed. Cells were
suspended in PBS/1% PFA and measured by BD Accuri C6
(BD Biosciences).

Reactive oxygen species

Mouse neutrophils (2 x 10° in 200 ul) were cultured in
complete RPMI 1640 at 37°C for 30 min. Dihydrorhodamine-
123 (1 uM; Sigma-Aldrich) was added for 5 min at 37°C.
Neutrophils were washed once. PMA (100 nM) was added,
and the cells were incubated for additional 15 min at 37°C.
After one wash, the cells were resuspended in cold PBS with 1%
FCS for detection of ROS-induced rhodamine-123 on BD Accuri
C6 (BD Biosciences).

Frontiers in Immunology

10

10.3389/fimmu.2022.1059996

Chemotaxis

Bone marrow neutrophils were subjected to horizontal
chemotaxis assay using the EZ-TAXIScan apparatus (Effector
Cell Institute; Tokyo, Japan) as previously performed.
Neutrophils suspended in RPMI1640 containing 10 mM
HEPES, 0.1% BSA and 10 mM EDTA were aligned on one
edge of the chemotaxis channel. At the other end, 1 uM N-
formylmethionine-leucyl-phenylalanine (fMLP) was injected,
creating a gradient along the channel. Pictures were taken
every 30 seconds for 20min, and recorded movies were
analyzed using FIJI software (National Institute of Health;
Bethesda, MD).

Eicosanoid lipidomics

Reverse-phase mass spectrometry (MS)-based quantitation
technique for eicosanoids was previously described (18). The
lipids were extracted with methanol and diluted with water
containing 0.1% formic acid to yield a final methanol
concentration of 20%. After addition of deuterium-labeled
internal standards, the samples were loaded on Oasis HLB
cartridge (Waters, Milford, MA). The column was washed
with 1 mL of water, 1 mL of 15% methanol, and 1 mL of
petroleum ether and then eluted with 0.2 mL of methanol
containing 0.1% formic acid. Eicosanoids were quantified by
reverse-phase-HPLC-electrospray ionization-tandem
MS method.

RNA sequencing

Blood or lung cells were stained with anti-Ly6G, CD11b, and
CD45.2 antibodies. Neutrophils were sorted as Ly6G*/CD11b"/
CD45.2" population. They were subjected to RNA purification
using Qiagen RNeasy Plus Mini Kit. RNA samples were
quantified using Qubit 2 Fluorometer (Life Technology;
Carlsbad, CA) and RNA integrity was checked with Agilent
TapeStation (Agilent Technologies; Palo Alto, CA). SMART-Seq
v4 Ultra Low Input kit for Sequencing was used for full-length
cDNA synthesis and amplification (Clonetech; Mountain View,
CA), and Tllumina Nextera XT library was used for sequencing
library preparation. Briefly, cDNA was fragmented, and adaptor
was added using transposase, followed by limited-cycle PCR to
enrich and add index to the cDNA fragments. The final library
was assessed with Qubit 2.0 Fluorometer and Agilent
TapeStation. The sequencing libraries were multiplexed and
clustered on one lane of a flowcell. After clustering, the
flowcell was loaded on the Illumina HiSeq instrument
according to the manufacturer’s instructions. The samples
were sequenced using a 2x150 paired end configuration. After
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investigating the quality of the raw data, sequencing reads were
trimmed to remove possible adapter sequences and nucleotides
with poor quality using Trimmomatic v.0.36. The trimmed reads
were mapped to the mouse reference genome using STAR
aligner v.2.5.2b. Only unique reads that fell within exon
regions were counted. After extraction of gene hit counts, the
gene hit counts table was used. Using DESeq2, a comparison
between the groups of samples was performed. The Wald test
was used to generate p-value and Log, fold changes. Genes with
adjusted p-values < 0.05 and absolute log, fold change > 1 were
called differentially expressed genes. Data are available at
GSE215749 (GEO).

CRISPR/Cas9 deletion of Itgad gene in
HL-60 cells

CRISPR/Cas9 editing to delete aD (gene: Itgad) expression
was done in HL-60 cells as follows. HL-60 cells were cultured at
37°C in RPMI1640 supplemented with 10% FBS, 1% penicillin/
streptomycin. Confluency was maintained between 3 x10°-1.5x
10%/ml. Electroporation was performed one day after passaging
when cells were in log phase of growth using the Lonza 4D
Nucleofector with 20 pl Nucleocuvette strips as described (19,
20). Briefly, ribonucleoprotein (RNP) complex was made by
combining 100 pmol Cas9 (IDT; Newark, NJ) and 100pmol
modified sgRNA (Synthego; Redwood City, CA) targeting
ITGAD using either sgl (UUCUUAUCAUGGAUUCAACC)
or sg2 (AUGAUAAGAAGCCAGGACUG) and incubating at
room temperature for 15 minutes.

2 x10°- 4 x 10° HL-60 cells were resuspended in 20 ul SF cell
line solution (Lonza; Basel, Switzerland) and were mixed with
RNP and underwent nucleofection with program EN-138 as per
manufacturer recommendations. Cells were returned to
RPMI1640 media and editing efficiency was measured 48
hours after electroporation by polymerase chain reaction
(PCR). First, genomic DNA was extracted using the DNeasy
kit (Qiagen; Hildgen, Germany) according to the manufacturer’s
instructions. Genomic PCR was performed using Platinum II
Hotstart Mastermix (Thermo Fischer Scientific), and edited
allele frequency was detected by Sanger sequencing and
analyzed by ICE (21). The following primer pairs were used:
ITGAD (forward: ATGATAAGAAGCCAGGACTG; reverse:
CAGTCCTGGCTTCTTATCAT).

Statistical analysis

Data were analyzed as indicated in the figure legends.
Statistical analysis methods were included under each figure
legend. Statistical significance was defined as P<0.05. All the
statistical calculations were performed using PRISM9 software
(GraphPad Software, La Jolla, CA).
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Results

oDB2 deficiency attenuated lung injury
and improved survival in experimental
polymicrobial abdominal sepsis

Polymicrobial abdominal sepsis induced by CLP surgery is
the most frequently used preclinical sepsis model that best
recapitulates human sepsis (22, 23). We previously reported
that sepsis outcomes of oL KO, oM KO and oX KO mice were
worse than that of wild-type (11) mice in this model (5-7).
Because blocking B2 integrin as a whole attenuated lung injury
(9, 10), we examined the degree of lung injury in mice deficient
of each of the 2 integrin members. In line, B2 KO mice had less
lung injury following CLP (Figure 1A). Histological analysis
demonstrated that lung injury was highly induced following
sepsis in WT, oL KO, and oM KO mice (Figure 1A). In contrast,
oD KO mice manifested less histological lung injury (Figure 1B).
Wet-to-dry and BAL fluid analyses also supported the finding
(Figure 1B). aD KO mice also showed better survival compared
to WT mice (Figure 1C), suggesting that D2 may be a good
target to attenuate sepsis. We further examined bacterial loads at
various organs. Bacterial loads at the lungs, spleen, kidney, and
blood were significantly less in oD KO mice (Figure 1D),
consistent with the survival data. However, bacterial loads at
the peritoneal cavity did not show any difference between the
two strains (Figure 1D). Neutrophils are the first-line defense
immune cells critical for bacterial eradication (24). The
relationship between neutrophil numbers in the blood, the
peritoneal cavity, and the lungs between the two strains
correlated with the data of bacterial loads above (Figure 1E),
suggesting that the difference in neutrophil numbers at various
sites was in part responsible for the degree of bacterial clearance.
CLP sepsis is a sepsis with mixed bacterial flora. Considering the
possibility that the flora between the two strains would not likely
be the same., we also examined bacterial clearance in E. coli
intraperitoneal injection model. Bacterial loads were
significantly less in oD KO mice at 6 hours after an
intraperitoneal injection (Figure 1D), indicating that integrin
oD deficiency might enhance bacterial eradication.

oDB2 KO neutrophils helped to eradicate
bacterial loads in the lungs preferentially

The correlation of the degree of splenic apoptosis with sepsis
outcome has been previously described (25-27). Splenic
neutrophil and monocyte cell death was significantly less in
oD KO mice (Figure 2A), consistent with the sepsis outcome
data above. However, the degree of cell death was comparable in
T and B cells between WT and oD KO mice (Figure 2A). The
expression of 0Df2 was previously reported on neutrophils and
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FIGURE 1

The role of aDB2 in sepsis. (A) Representative lung histology of WT, aL KO, o KO, and 2 KO mice at the baseline and at 12 hours after CLP.
Black bar indicates 50 pym. (B) Representative lung histology of WT and aD KO at the baseline, at 12 and 36 hours after CLP. Wet to lung analysis
and BAL total protein analysis at the baseline and at 12 hours after CLP. Data were shown as mean +/- S.D. of 6 mice per group. One-way
ANOVA with Bonferroni post hoc analysis was performed. **p < 0.01, ***p < 0.001. (C) Survival after CLP in WT (n=18), aD KO (n=12) and B2 KO
(n=15) mice. Cox regression analysis was performed. *p <0.05, **p <0.01. (D) Bacterial loads in WT and oD KO mice at 12 hours after CLP. Data
were shown as mean +/- S.D. of 8 mice per group. Two-way ANOVA analysis was performed. *p < 0.05. (E) Neutrophil counts at the lungs, the
blood, and the peritoneal cavity in WT and oD KO mice at 12 hours after CLP. Data were shown as mean +/- S.D. of 6 mice. Student t test was
performed. *P < 0.05, p < 0.01. (F) Bacterial loads at the peritoneal cavity at 6 hours after E coli intraperitoneal injection. Data were shown as
mean +/- S.D. of 6 mice. Student t test was performed. *p < 0.05.
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FIGURE 2

The functional of aDB2 in neutrophils. (A) WT and aD KO lung leukocyte Annexin V expression at the baseline and at 12 hours after CLP. Data
were shown as mean +/- S.D. of 4 mice. MFI; mean fluorescence intensity. One-way ANOVA with Bonferroni post hoc analysis was performed.
*p < 0.05. (B) Bacterial loads at the lungs and the peritoneal lavage in WT and oD KO mice with or without neutrophil depletion. Mice were
subjected to CLP sepsis and the samples were obtained at 12 hours after CLP. Data were shown as mean +/- S.D. of 6 mice. One-way ANOVA
with Bonferroni post hoc analysis was performed. *p < 0.05, **p < 0.01. (C) Chimera scheme. (D) Blood and lung neutrophil analysis of chimeric
mice at 12 hours after CLP. Data were shown as mean +/- S.D. of 4 mice. One-way ANOVA with Bonferroni post hoc analysis was performed.
*p < 0.05. (E) Lung and peritoneal cavity LTB, levels at 6 and 12 hours after CLP. Data were shown as mean +/- S.D. of 4 mice. One-way
ANOVA with Bonferroni post hoc analysis was performed. *p < 0.05. (F) LTB, mediated bone marrow neutrophil chemotaxis assay. Each dot
represents one neutrophil. One-way ANOVA with Bonferroni post hoc analysis was performed. No significance was observed. (G) Lung
neutrophil ROS activity from naive and post CLP mice. For CLP mice, lungs were obtained at 12 hours after CLP. Data were shown as mean +/-
S.D. of 6 mice. One-way ANOVA with Bonferroni post hoc analysis was performed. No significance was observed. (H) Lung neutrophil
phagocytosis activity from naive and post CLP mice. For CLP mice, lungs were obtained at 12 hours after CLP. Data were shown as mean +/-
S.D. of 6 mice. One-way ANOVA with Bonferroni post hoc analysis was performed. **p < 0.01. (I) Lung neutrophil Annexin V expression from
naive and post CLP mice. For CLP mice, lungs were obtained at 12 hours after CLP. Data were shown as mean +/- S.D. of 6 mice. One-way
ANOVA with Bonferroni post hoc analysis was performed. **p < 0.01.
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monocytes/macrophages (28). We examined the contribution of
neutrophils to CLP sepsis in both WT and oD KO mice by
depleting neutrophils using 1A8 antibody. Neutrophil depletion
worsened both lung and peritoneal bacterial loads in WT mice,
but it significantly worsened only lung bacterial loads in oD KO
mice (Figure 2B), which would likely be due to the difference in
lung bacterial loads after CLP between the two strains. While
lung bacterial loads were significantly lower in oD KO mice
receiving isotype control compared to WT mice receiving
isotype control, they were comparable between WT and oD
KO mice subjected to neutrophil depletion.

oD KO neutrophil demonstrated higher
phagocytic ability, less apoptosis and
more tissue recruitment

Although we observed the difference in neutrophil numbers
in the lungs between WT and oD KO mice, it is yet to be
determined if the result was intrinsically derived from integrin
oD. To validate if the result of higher D KO neutrophil
numbers in the lungs is intrinsic, we generated mixed bone
marrow chimera to harbor both WT and oD KO mice-derived
hematopoietic systems, which were distinguished by congenic
markers CD45.1 and CD45.2, respectively. Control mixed
chimeras were made by the reconstitution of CD45.1 and
CD45.2 WT bone marrow cells (Figure 2C). At 12 weeks after
bone marrow transplantation, we examined peripheral blood
and confirmed the peripheral blood leukocytes were constituted
equally by CD45.1 and CD45.2 cells (data not shown). We found
that more oD KO derived neutrophils existed in the lungs
compared to WT (CD45.1) neutrophils, supporting that the
phenotype was intrinsic to oD KO neutrophils (Figure 2D).
LTB, is a major neutrophil chemoattractant. At 6 and 12 hours
after CLP in WT and oD KO mice, we observed LTB, level was
significantly higher in the lungs of oD KO mice (Figure 2E). In
contrast, peritoneal LTB, level was not statistically significant
between the strains. We did not see any difference in neutrophil
recruitment to neutrophil chemoattractant LTB, in vitro
(Figure 2F), indicating that the difference of numbers between
WT and aD KO neutrophils in chimera’ lungs was not driven by
chemotaxis. Here we examined the role of D2 in neutrophils
using WT and oD KO neutrophils. The level of reactive oxygen
species (ROS) production was comparable between WT and oD
KO mice (Figure 2G), while there was an increased phagocytosis
by lung oD KO neutrophils (Figure 2H), supporting the result of
the E. coli injection model (Figure 1F). To examine if higher oD
KO neutrophil counts in the lung is explained by neutrophil
survival, we also examined the cell death of lung neutrophils.
Consistent with the result of splenic neutrophil apoptosis, the
cell death of oD KO lung neutrophils was less compared to WT
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neutrophils (Figure 2I), which at least in part explains these
results. Taken together, D KO mice demonstrated a difference
in neutrophil phenotypes characterized as less cell death and
more efficient phagocytosis in the lungs. Higher lung oD KO
neutrophil counts will be likely in part responsible for less
neutrophil cell death.

oD KO neutrophil transcriptomic analysis
demonstrated the association between
oD and proliferation, and phagocytosis

To further characterize aD KO neutrophils, we performed
transcriptomic analysis of blood and lung neutrophils. We found
only 5 DEGs in blood and 7 DEGs in lung between WT and oD
KO mice at the baseline. One DEG was overlapped between
blood and lung. This result suggested that the transcriptomic
signature of WT and oD KO neutrophils in the blood and lung
at the baseline was quite similar (Figure 3A). The DEG analysis
of oD KO neutrophils at 12 hours post CLP vs at the baseline
(time 0h) in blood and lung showed that there was no DEG in
lung, suggesting that there was no DEGs in the lung between
baseline and 12 hours post-CLP (Figure 3B). When we
compared lung neutrophils between WT and oD KO mice, we
identified 55 upregulated DEGs and 90 upregulated DEGs in oD
KO lung neutrophils (Figure 3C). Upregulated genes include
phagocytosis related genes (Figure 3D), and downregulated
genes include cell arrest and proliferation genes (Figure 3E).

Human validation

Human neutrophils were previously reported to express
aDB2 (29). To determine the role of oDB2 in human
neutrophils, we performed CRISPR/Cas9 deletion of aD in
HL-60 cells. Expression of aD was confirmed by flow
cytometry (Figure 4A).

Phagocytosis, ROS, and apoptosis were examined. We found
that phagocytosis was significantly enhanced in aD KO HL-60
cells compared to the control (Figure 4B). No difference in ROS
was observed (Figure 4C). Cell death was attenuated in aD KO
HL-60 cells (Figure 4D). This is consistent with the findings in
murine experiment, indicating the relevance of our findings

in human.

Discussion

Integrin oDB2 was the last B2 integrin member cloned (30).
B2 integrins work by binding to their ligands. Ligands for aL32
include intercellular adhesion molecule (ICAM)-1, -2, and -3,
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FIGURE 3 (Continued)

RNA sequencing of blood and lung neutrophils following CLP sepsis. RNA seq of triplicates for blood and lung neutrophils at baseline and 12
hours after CLP. Neutrophils were sorted by CD45%Ly6G*CD11b* population. (A) Venn diagram showing significant DEGs in the blood and lung
of aD KO mice at Oh post-CLP compared to WT mice at Oh post-CLP. The light pink circle represents DEGs in the blood of oD KO mice at Oh
post-CLP compared to the blood of WT mice at Oh post-CLP. The deep pink circle represents DEGs in the lung of aD KO mice at Oh post-CLP
compared to the lung of WT mice at Oh post-CLP. The intersection of the two circles represents overlapping DEGs in the blood and lung of oD
KO mice at Oh post-CLP compared to WT mice at Oh post-CLP. Overall, only 5 genes were differentially expressed in the blood of aD KO and
7 genes in the lungs of aD KO compared to the WT mice at the baseline (Oh post-CLP) and 4 of these DEGs were common in the blood and
lung, suggesting no significant differences in the transcriptomic profile of WT and oD KO mice at the baseline. (B) Venn diagram showing

10.3389/fimmu.2022.1059996

significant DEGs in the blood and lung of oD KO mice at 12h post-CLP compared to oD KO mice at Oh post-CLP. The light blue circle
represents DEGs in the blood of aD KO mice at 12h post-CLP compared to the blood of aD KO mice at Oh post-CLP. The green circle
represents DEGs in the lung of oD KO mice at 12h post-CLP compared to the lung of aD KO mice at Oh post-CLP. The intersection of the two
circles represents overlapping DEGs in the blood and lung of aD KO mice at 12h post-CLP compared to oD KO mice at Oh post-CLP. Overall,
2448 genes were differentially expressed in the blood of aD KO at 12h post-CLP compared to Oh post-CLP and none was observed in the
lungs, suggesting no differences in the transcriptomic profile of the lungs of aD KO mice between Oh and 12h post-CLP. (C) Venn diagram
showing significant DEGs in the lung of oD KO mice at 12h post-CLP compared to WT mice at 12h post-CLP. The green circle represents
DEGs upregulated in the lung of aD KO mice at 12h post-CLP compared to the lung of WT mice at 12h post-CLP. The blue circle represents
DEGs downregulated in the lung of aD KO mice at 12h post-CLP compared to the lung of WT mice at 12h post-CLP. The intersection of the
two circles represents overlapping DEGs in lung of aD KO mice at 12h post-CLP compared to WT mice at 12h post-CLP. Overall, 55 genes
were significantly upregulated and 90 were significantly downregulated in the lung of oD KO at 12h post-CLP compared to WT mice at 12h
post-CLP and these DEGs were used for pathway enrichment analysis (D, E). (D) Pathway Enrichment Analysis (GO) of upregulated DEGs in the
lung of oD KO mice at 12h post-CLP compared to WT mice at 12h post-CLP. Genes with adjusted p-values < 0.05 and absolute log2 fold
change > 1 were considered differentially expressed genes. Heat map was created by plotting the enriched pathways and the genes that have
contributed to the enrichment signal (indicated in deep blue). (E) Analysis of downregulated DEG pathway in lung of aD KO mice at 12h post-
CLP compared to WT mice at 12h post-CLP. Genes with adjusted p-values < 0.05 and absolute log2 fold change > 1 were called differentially

expressed genes.

while oMB2 and oXB2 bind to iC3b, ICAM-1, and fibrinogen.
So far aDP2 reportedly binds to ICAM-3, VCAM-1, and 2-(®-
carboxyethyl)pyrrole (CEP) (31). Those ligands have been
reported from in vitro experiments, but how these ligand-
0D2 interactions play a role in vivo has not been largely
studied. aDB2 expression on macrophages (30) and
neutrophils (29, 32) has been reported. Foam cells are a type
of macrophages that localize to fatty deposits on blood vessels.
oDP2 deficiency was associated with less lipid deposition in the
atherosclerosis model (28). The involvement of oDPB2 in spinal
cord injury was also described in the context of neutrophil
invasion. The administration of anti-oD antibody attenuated
spinal cord injury in rats (32, 33). In the context of infection, de
Azevedo-Quintanilha et al. reported that aD KO mice
demonstrated less lung injury in Malaria infection model (34).
Here we reported a novel role of oDB2 in sepsis model. The
deficiency of aDP2 attenuated lung injury and sepsis outcome,
which is significantly important given that a specific treatment is
urgently needed for sepsis.

For the first time, we showed that the deficiency of aDB2 led to
1) the enhancement of phagocytosis and 2) the attenuation of cell
death in neutrophils. This finding is interesting in contrast to
oMP2. oMP2 is also called complement receptor 3 (CR3), and
serves as one of the major phagocytosis receptors by binding to
iC3b. aMP2 also affects apoptosis. The deficiency of M2 leads to
the defect in apoptosis in the setting of infection (13). The
mechanism of apoptosis induction via oMf2 is not completely
delineated yet, but it is proposed that phagocytosis of iC3b coated
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microbes induces ROS production, which leads to apoptosis (35).
The major phagocytosis receptors include Fey receptor and oMf2.
At this point, it is unclear how the deficiency of oDB2 leads to an
enhancement of phagocytosis. Given that M2 and oDB2 have
high sequence homology, aDB2 could compete iC3b coated
microbes against MB2. However, iC3b has not been reported as
a ligand for aDB2. In addition, the attenuation of apoptosis by
oDp2 is also confusing. If D2 deficiency increases phagocytosis,
ROS may increase, leading to more apoptosis based on the theory of
oMP2-mediated apoptosis.

The HL-60 cell experiment showed that the effect of aDf2
on cell death is cell intrinsic. Thus, it is interesting how oDf32
plays a functional role within neutrophils. Although aLB2 and
oMPB2 bind to ligands outside their cells for their activity, we
previously reported that oXP2 has its own ligand within
neutrophils. It may be possible that oDB2 has its intrinsic
ligand within the cell, or surrounding HL-60 cells. For
example, ICAM-3 is expressed on neutrophils, serving as a
ligand for aDPB2. ICAM-3 binding to neutrophils induces
apoptosis (36), so the deficiency of oDP2 may lessen this
interaction, leading to less apoptosis.

From sepsis standpoint, lung injury is one of the most serious
organ injuries that patients succumbed to. The mortality of patients
with lung injury in sepsis is quite high. Thus, our finding will offer a
very interesting target for sepsis therapeutic. So far there is no D32
antagonist reported. We primarily focused on the role of oDf32 in
sepsis in this study. It is also interesting to examine the role of this
molecule in other disease states such as cancers. Among [32 integrin
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The role of aDB2 in human HL60 cells. (A) aD expression of HL60 cells with or without aD CRISPR/Cas9 deletion. Representative data was
shown. (B) Phagocytosis, (C) ROS, and (D) Annexin V expression of HLE0 cells with or without aD CRISPR/Cas9 deletion. Data were shown as
mean +/- S.D. of triplicates. Sgl and sg2 denote two different guide RNA. One-way ANOVA with Bonferroni post hoc analysis was performed.

*P < 0.05, **p < 0.01, ***p < 0.001.

members, M2 has been most extensively studied in the context of
cancer. Its inhibition enhanced tumor response to radiation (37). Its
deficiency suppressed intestinal tumor growth (38). However, its
agonist LA1 was reported to attenuate tumor growth (39). Thus, the
role of M2 in cancer may not be straightforward. So far there is a
limited data available on the role of D2 in cancer, which needs
future study.

In conclusion, we found a novel role of D2 in neutrophils
and sepsis. Delineating the underlying mechanism of oDf2-
mediated modulation of neutrophil functions will help us to
understand how D2 contributes to sepsis pathophysiology for
considering as a future therapeutic target.
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Background: Sepsis remains a life-threatening disease with a high mortality
rate that causes millions of deaths worldwide every year. Many studies have
suggested that pyroptosis plays an important role in the development and
progression of sepsis. However, the potential prognostic and diagnostic value
of pyroptosis-related genes in sepsis remains unknown.

Methods: The GSE65682 and GSE95233 datasets were obtained from Gene
Expression Omnibus (GEO) database and pyroptosis-related genes were
obtained from previous literature and Molecular Signature Database.
Univariate cox analysis and least absolute shrinkage and selection operator
(LASSO) cox regression analysis were used to select prognostic differentially
expressed pyroptosis-related genes and constructed a prognostic risk score.
Functional analysis and immune infiltration analysis were used to investigate
the biological characteristics and immune cell enrichment in sepsis patients
who were classified as low- or high-risk based on their risk score. Then the
correlation between pyroptosis-related genes and immune cells was analyzed
and the diagnostic value of the selected genes was assessed using the receiver
operating characteristic curve.

Results: A total of 16 pyroptosis-related differentially expressed genes were
identified between sepsis patients and healthy individuals. A six-gene-based
(GZMB, CHMP7, NLRP1, MYD88, ELANE, and AIM2) prognostic risk score was
developed. Based on the risk score, sepsis patients were divided into low- and
high-risk groups, and patients in the low-risk group had a better prognosis.
Functional enrichment analysis found that NOD-like receptor signaling
pathway, hematopoietic cell lineage, and other immune-related pathways
were enriched. Immune infiltration analysis showed that some innate and
adaptive immune cells were significantly different between low- and high-
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risk groups, and correlation analysis revealed that all six genes were significantly
correlated with neutrophils. Four out of six genes (GZMB, CHMP7, NLRP1, and
AIM2) also have potential diagnostic value in sepsis diagnosis.

Conclusion: We developed and validated a novel prognostic predictive risk
score for sepsis based on six pyroptosis-related genes. Four out of the six genes
also have potential diagnostic value in sepsis diagnosis.

KEYWORDS

sepsis, pyroptosis, gene, prediction, prognosis, diagnosis

Introduction

Sepsis is a dysregulation of the host’s response to infection,
which is frequently accompanied by life-threatening organ
dysfunction (1, 2). Despite advances in our understanding of
sepsis, supportive therapies including early fluid resuscitation,
the use of antibiotics, and the provision of supportive care for
organ function have remained the standard of care, and the
mortality rate of sepsis is still high, reaching about 26% (3, 4).
Early diagnosis and intervention those sepsis patients who are
associated with increased mortality risk are critical for a better
prognosis (5). Therefore, it is important to explore diagnostic
and prognostic signatures in sepsis patients.

Pyroptosis is a novel form of proinflammatory and
programmed cell death, which also participates in the response
of the innate immune system (6). With the clarification of the
mechanism of pyroptosis, it is now considered that pyroptosis is
mediated by the activation of the gasdermin-D (GSDMD)
protein via the active caspase-1 (canonical pathway) or the
active caspase-4/5/11 (non-canonical pathway), which causes
cell swelling, rupture, and the release of inflammatory cytokines
such as Interleukin 18 (IL-18) and Interleukin 1 3 (IL-1f3) (7-9).
Previous studies demonstrated that pyroptosis may play an
important role in the development of sepsis and sepsis-related
organ dysfunction including acute kidney injury (10), acute lung
injury (11), cardiac dysfunction (12), and disseminated
intravascular coagulation (13). Therefore, pyroptosis-related
genes were recognized as promising therapeutic targets of
sepsis (14), and treatment by using non-specific or specific
caspase inhibitors has shown therapeutic effects in
experimental studies (15, 16). However, few studies focused on
the value of the pyroptosis-related gene in predicting the
prognosis and diagnosis of sepsis, and the prognostic and
diagnostic value of pyroptosis-related genes have not been
fully investigated.
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In this study, we identified molecular subtypes of sepsis
based on pyroptosis-related genes, developed and validated a
novel pyroptosis-related prognostic risk score for sepsis patients,
and investigated the correlation between pyroptosis-related
genes and the immune cells. Based on the prognostic risk
score and clinical characteristics of sepsis patients, a
nomogram was created, and the diagnostic value of
pyroptosis-related genes was also assessed. Our findings may
provide new insight into the role of pyroptosis in the prognosis
and diagnosis of sepsis.

Materials and methods
Microarray data and data process

Two peripheral-blood gene expression datasets (GSE65682
and GSE95233) and their corresponding clinical data were
obtained from Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/gds/). The GSE65682 dataset
and GSE95233 dataset were based on GPL13667 and GPL570
platforms, respectively. The GSE65682 dataset comprised 479
sepsis patients with complete data for survival status within 28
days and 42 healthy controls. Sepsis patients in GSE65682 were
separated into the discovery cohort (n = 263) and validation
cohort (n = 216) for its original investigation and we used these
two cohorts for survival analysis in our study. The GSE95233
dataset comprised 51 sepsis patients and 22 healthy controls.
Only the gene expression data of the blood sample collected at
admission to the intensive care unit was used for analysis in the
present study.

The gene probe was transformed into gene symbol by using
the corresponding annotation profile in each dataset. We used
‘limma’ package in R software to quartile normalized for all gene
expression values and generate normally distributed expression
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values. For multiple same probes, the finial gene expression value
was determined by calculating the average expression value.

Screening pyroptosis-related
differentially expressed genes and
consensus clustering analysis

A total of 60 pyroptosis-related genes were identified from
gene set enrichment analysis (GSEA) website (http://www.gsea-
msigdb.org/gsea/index.jsp) and previous literature (17-21)
(Supplementary Table 1). Differentially expressed genes
(DEGs) between sepsis and healthy samples in GSE65682 were
screened using the limma’ package, with log,|fold change| > 0.5
and adjust P value< 0.05 set as cut-off criteria to screen DEGs
(22, 23). Pyroptosis-related DEGs were identified by intersecting
the DEGs with the pyroptosis-related genes. A protein-protein
interaction (PPI) network analysis was conducted by using the
STRING website (https://cn.string-db.org/) to further explore
the interaction between these pyroptosis-related genes. Based on
the expression value of pyroptosis-related DEGs, we used
“ConsensusClusterPlus” package to identify the molecular
subtype of sepsis. The pam algorithm with euclidean distance
was used, and the samples were iterated 1000 times. The k value
was increased from 2 to 6 to identify the optimal clusters.

Identification of survival-related
pyroptosis-related genes and
construction of a prediction model for
prognosis

Univariate Cox regression analysis was performed in the
discovery cohort to evaluate the prognostic value of each
pyroptosis-related DEGs. To avoid omissions, we set a P-value
lower than 0.2 as a significant cut-off value (24). Pyroptosis-
related DEGs with a significant correlation to survival status
were selected as candidate genes for further investigation. Then,
we used LASSO-Cox regression via ‘glmnet’ packages to screen
the candidate genes and construct the prediction model. The
penalty coefficient A was determined by using the minimal
criteria and candidate genes with a regression coefficient
unequal to zero were included in the final model. The risk
score of each case was calculated according to the following
formula: Risk score = EfCoefﬁcienti % Gene Expression value of i .
After that, sepsis patients were divided into low- and high-risk
groups based on the median risk score, and the survival time
between the two risk groups was compared using Kaplan-Meier
analysis. Time-dependent receiver operating characteristic
(ROC) curve analysis was also performed by using ‘survival’,
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‘surviminer’, ‘timeROC’ packages to assess the discrimination
ability of the risk score. The risk score was further validated in
the validation cohort and the whole sepsis patients in GSE65682
(test cohort). Furthermore, we compared the 28-day mortality
rate of sepsis patients from the GSE95233 dataset who were
classified as low- or high-risk based on risk score (GSE95233
cohort). We were unable to perform the Kaplan-Meier analysis
because the GSE95233 dataset lacked “time to event” data. A
ROC curve was depicted via ‘pROC’ package.

Independent prognostic evaluation
of the risk score and construction
of nomogram

Clinical information (age and sex) was extracted from
patients in the GSE65682 dataset. These variables and risk
score were analyzed together in univariate and multivariate
Cox regression analyses. The ‘rms” package was used to create
a nomogram based on independent variables for visualization
and potential clinical use in predicting the prognosis of sepsis
patients. The ROC curve and calibration curve were used to
assess the nomogram’s performance.

Functional enrichment analysis and
immune infiltration analysis

We used ‘limma’ package again and based on the same
criteria (logy|fold change| > 0.5 and adjust P value< 0.05) to
screen DEGs between low- and high-risk groups in the sepsis
patients from GSE65682. To explore the DEGs-related signal
pathways and biological function, “clusterprofiler” package (25)
was applied to perform the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) enrichment
analysis. To quantify the relative proportion of immune cell
infiltration, we used the CIBERSORT algorithm (26) with 1000
permutations to calculate 22 types of immune cell composition
for each sample. The composition of these immune cells between
low- and high-risk groups was compared via wilcoxson test. In
addition, we performed a correlation analysis between the
differentially immune cells and the pyroptosis-related genes.

Evaluation of the diagnostic value of the
selected genes
We further investigated whether the selected prognostic

pyroptosis-related genes also have potential value in the
diagnosis of sepsis. The performance of these genes was
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evaluated using the ROC curves in the GSE65682 dataset and
GSE95233 dataset.

Statistical analysis

All statistical analyses were performed using R software (version
4.1.0) and R studio (Version 1.2.5042). The wilcoxon test was used
to compare the gene expression level between sepsis patients and
healthy individuals, and the composition of immune cells between
low- and high-risk groups. Pearson chi-square test was applied to
compare categorical variables. LASSO-Cox regression was used for
candidate genes selection. The Kaplan-Meier method and log-rank
test were used to compare the survival rate between the low- and
high-risk groups. Univariate and multivariate cox regression
analyses were used to assess the independent prognostic variables.
A two-tailed P value<0.05 was considered statistically significant
except for a certain P value was set.

10.3389/fimmu.2022.1110602

Results

Identification of pyroptosis-related DEGs
between sepsis patients and healthy
individuals

A total of 3469 DEGs were identified from the GSE65682
dataset between sepsis and healthy samples, including 1571
upregulated genes and 1898 downregulated genes (Figure 1A;
Supplementary Table 2). After intersecting with the pyroptosis-
related genes, 16 pyroptosis-related DEGs were obtained
(Figure 1B). Among them, the expression level of 7 genes
(MYD88, NLRP3, TLR2, CASP5, NLRC4, ELANE, AIM2) were
upregulated, while the expression level of 9 genes (GZMB,
CHMP7, NLRP1, IRF1, PLCGI1, SCAF11, AKT1, GSDMB,
IRF2) were downregulated (Figure 1C). The result of the PPI
analysis was presented in Figure 1D. There were 40 interaction
relationships between these pyroptosis-related DEGs.

150 o
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FIGURE 1

Identification of differentially expressed pyroptosis-related genes and interaction. (A) Volcano plot of DEGs in the GSE65682 dataset between
sepsis patients and healthy individuals. (B) Venn plot of the DEGs and pyroptosis genes. (C) Heatmap of pyroptosis-related DEGs. (D) Protein-
protein interaction (PPI) network analysis of proteins encoded by the pyroptosis-related DEGs.
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Consensus clustering analysis based on
the pyroptosis-related DEGs

According to the empirical CDF value, k = 2 was found to be
the most acceptable point for the consensus cluster with the
most distinct differences between clusters (Figure 2A;
Supplementary Figure 1). Some of the expression levels of the
pyroptosis-related DEGs were different between the two clusters
(Figures 2B, D), and sepsis patients in cluster 1 had a worse
prognosis than patients in cluster 2 (P = 0.0099) (Figure 2C).
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Development of a prognostic risk score
based on pyroptosis-related DEGs

Based on the univariate cox regression analysis, 10 out of 16
genes (GZMB, CHMP7, NLRPI, IRF1, SCAF11, IRF2, MYD8S8,
CASP5, ELANE, AIM2) met P< 0.2 and were selected as
prognostic candidate genes (Figure 3A). Of the 10 prognostic
candidate genes, 1 gene (ELANE) was associated with increased
risk with (HR > 1), while the remaining 9 genes (GZMB,
CHMP7, NLRPI, IRF1, SCAF11, IRF2, MYD88, CASP5) were
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AIM2  AKT1 CASP5 CHMP7 ELANE GSDMB GZMB  IRF1 IRF2 MYD88 NLRC4 NLRP1 NLRP3 PLCG1 SCAF11 TLR2

Consensus clustering analysis based on pyroptosis-related DEGs. (A) Consensus matrix when k=2. (B) Heatmap of pyroptosis-related DEGs
expression and clinical characteristics in the two clusters. (C) Kaplan-Meier curves analysis for the survival of patients between the two clusters.
(D) Box plots of pyroptosis-related DEGs expression level in the two clusters. ns, not significant; *P< 0.05,***P< 0.001, ****P< 0.0001.
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FIGURE 3

Construction of pyroptosis-related prognostic risk score and prediction of the prognosis in the discovery cohort. (A) Univariate cox regression
analysis of survival for 16 pyroptosis-related DEGs, and 10 genes with a P< 0.2. (B) LASSO-Cox regression of the 10 candidate genes. (C) Cross-
validation for tuning predictor selection. (D) Distribution of patients based on the risk score. (E) Survival time and status of patients. (F) Kaplan-
Meier curves analysis for the survival of patients in low- and high-risk groups. (G) Time-dependent receiver operating characteristic curve for 7-,
14-, and 28-day survival of sepsis patients. (H) Univariate and multivariate cox regression.

associated with lower risk (HR< 1). By performing LASSO-Cox
regression analysis with the above candidate genes, a subset of
six genes (GZMB, CHMP7, NLPRI, MYD88, ELANE, AIM?2)
were determined to develop a prognostic risk score based on the
minimal criteria of A (Figures 3B, C). The calculation of the risk
score for each sample was according to the formula as follows:
Risk score = [(-0.01470407 x GZMB expression value) +
(-0.63970285 x CHMP7 expression value) + (-0.12447921 x
NLRPI expression value) + (-0.18172740 x MYD88 expression
value) + (0.07255413 x ELANE expression value) + (-0.16451424
x AIM2 expression value)]. After calculating the median risk
score, 263 patients were stratified into two risk groups (131 in
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the low-risk group and 132 in the high-risk group) (Figure 3D).
Patients in the high-risk group had more death (Figure 3E) and
the Kaplan-Meier curve showed that patients in the low-risk
group had a higher survival rate than those in the high-risk
group (P = 0.0011, Figure 3F). Time-dependent ROC analysis of
the risk score revealed that the area under the curve (AUC) was
0.70 (95% CI: 0.60 to 0.80), 0.68 (95% CI: 0.59 to 0.76), and 0.65
(95% CI: 0.57 to 0.73) for 7-, 14-, and 28-day survival,
respectively (Figure 3G). Both univariate and multivariate cox
regression analysis indicated that the risk score was an
independent predictor for prognosis in sepsis patients
(Univariate: HR = 3.78, 95% CI: 2.33 to 6.4, P< 0.001;
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Multivariate: HR = 3.72, 95% CI: 2.16 to 6.39, P<
0.001; Figure 3H).

Validation of the prognostic risk score

Patients in the validation cohort and the test cohort were
divided into two groups based on the median risk score,
respectively (Figures 4A, E). Patients in the high-risk groups
also occurred more death events (Figures 4B, F) and Kaplan-
Meier curve showed that patients in the low-risk group had
significantly higher survival rates than those in the high-risk
group (In the validation cohort: P = 0.013, Figure 4C; In the test
cohort: P< 0.0001, Figure 4G). AUC of the time-dependent ROC
curve was 0.66 (95% CI: 0.53 to 0.79), 0.63 (95% CI: 0.52 to 0.73),
and 0.64 (95% CI: 0.55 to 0.72) for 7-, 14-, and 28-day survival in
the validation cohort (Figure 4D) and 0.69 (95% CI: 0.61 to
0.77), 0.65 (95% CI: 0.59 to 0.72), and 0.64 (95% CI: 0.59 to 0.70)
for 7-, 14-, and 28-day survival in the test cohort (Figure 4H).
According to the result of univariate and multivariate cox
regression, the risk score also could be an independent
prognostic factor in sepsis patients in these two cohorts
(Supplementary Figure 2). In addition, patients in the low-risk
group also had a higher survival rate than those in the high-risk
group in the GSE95233 cohort (P = 0.047, Figure 4I). The AUC
under the ROC curve was 0.687 (95% CI: 0.531 to
0.842) (Figure 4]).

Construction of a nomogram based
on the risk score and independent
clinical data

In order to potentially clinically used the risk score and
predicted more precisely the prognosis of sepsis patients. We
created a nomogram using the patient’s age (P = 0.029,
Supplementary Figure 2B) and risk score. (Figure 5A). The
AUC of the nomogram for predicting 7-, 14-, and 28-day of
survival were 0.69 (95% CI: 0.61 to 0.77), 0.69 (95% CI: 0.62 to
0.75), and 0.67 (95% CI: 0.61 to 0.72) (Figure 5B). The
calibration curve indicated a good calibration between
predicting probability and actual probability (Figures 5C-E).

Functional enrichment analysis between
different risk groups

A total of 485 DEGs were identified between the low- and
high-risk groups. Among them, 164 genes were downregulated
and 321 genes were upregulated (Supplementary Table 3). On
the basis of these DEGs, KEGG and GO analyses were
performed. The results showed that the DEGs were mainly
correlated with NOD-like receptor signaling pathway,
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hematopoietic cell lineage, and response to the virus
(Figures 6A, B).

Comparison of immune infiltration
between different risk groups

Based on the results of the functional analysis. We further
compared immune infiltration between low- and high-risk
groups by using the CIBERSORT algorithm. In the low-risk
group, neutrophils, B cells memory, and mast cells activated
were significantly higher than that in the high-risk group, while
T cells CD4 naive, macrophages MO, mast cells resting,
eosinophils, macrophages M2, plasma cells, and T cells CD4
memory resting were significantly lower (Figure 7A). The
correlation analysis revealed that pyroptosis-related genes were
significantly associated with many immune cells. All six genes
were correlated with neutrophils, with AIM2 (r = 0.34), MYD88
(r = 0.4), and NLRPI (r = 0.47) showing a positive correlation,
and CHMP7 (r =-0.2), ELANE (r = -0.22), and GZMB (r = -0.17)
showing a negative correlation (Figure 7B).

Performance of the selected pyroptosis-
related genes in the diagnosis of sepsis

According to the ROC curves, four out of six genes (GZMB,
CHMP7, NLRPI, and AIM2) had good diagnostic value in the
diagnosis of sepsis, with AUC > 0.9 in both the GSE65682 and
GSE95233 datasets (Figures 8A, B). In both datasets, the
expression level of AIM2, ELANE, and MYD88 were
significantly higher in sepsis patients compared to healthy
individuals, while the expression level of CHMP7, GZMB, and
NLRPI were significantly lower. (Figures 8C, D).

Discussion

Over the past two decades, many biomarkers have been
identified for sepsis including inflammatory factors, cell
proteins, and miRNA (27). However, early diagnosis and
prediction of the prognosis of sepsis are still difficult due to
the complicated etiology, ambiguous pathogenic
microorganisms, and early non-specific clinical signs of sepsis
patients. Hence, it is still important to explore new biomarkers
and provide new insight. In this study, we first identified 16
pyroptosis-related DEGs between sepsis patients and healthy
individuals. Two pyroptosis-related sepsis clusters were
identified and patients in cluster 1 had a poor prognosis than
patients in cluster 2. To further explore the prognostic value of
these genes, we constructed a prognostic risk score based on six
genes’ signatures via univariate cox regression analysis and
LASSO-Cox regression analysis and validated its performance
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Validation of the pyroptosis-related prognostic risk score in the validation cohort, the test cohort, and the GSE95233 cohort. (A, E) Distribution
of patients based on the risk score in the validation cohort (A) and the test cohort (E). (B, F) Survival time and status of patients in the validation
cohort (B) and the test cohort (F). (C, G) Kaplan-Meier curves analysis for the survival of patients in low- and high-risk groups in the validation
cohort (C) and the test cohort (G). (D, H) Time-dependent receiver operating characteristic curve for 7-, 14-, and 28-day survival of patients in
the validation cohort (D) and the test cohort (H). (I) The survival of patients in low- and high-risk groups in the GSE95233 cohort. (J) Receiver
operating characteristic curve for 28 days survival of patients in the GSE95233 dataset.
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in external cohorts. After that, a nomogram was constructed
based on the risk score and clinical information for clinical use.
Functional enrichment analysis revealed that the DEGs between
the low- and high-risk groups were related to immune-related
pathways, and immune infiltration analysis revealed a significant
difference in immune status between the two groups. Finally, we
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found that four out of the six genes also have diagnostic value
for sepsis.

Pyroptosis plays a dual role in anti-infection and pro-
inflammatory in sepsis. On the one hand, pyroptosis damaged
the intracellular pathogen’s living environment, reducing
pathogen reproduction, and allowing intracellular pathogens to

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1110602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liang et al. 10.3389/fimmu.2022.1110602

Group ES Low ES High
e Tcels CD4naive | -006 -001 021 -037 -004 -028
NS~ NS [+ N NS s
06
TcelsCD4 | o 018 -002 003 -008 001
memory resting | NS NS~ NS QENSHN NS
c Plasma cells 0 001 02 001 -01 -006
5 NS Ns % NS o NS
g os .
I3 Neutrophils | 034 -02 -022 -017 04 047
5 Correlation
" 1
= Mastcells resting | 001 -0.04 027 -014 -017 004 0
g e R o ] ulr O 0s
- v 0.0
0.2 Mast cells activated | -009 001 -015 0.1 0.14  -0.09
. NS NS % 5 e 8 ' -05
N o wan -10
Macrophages M2 | 002 -013 -001 -011 005 -022
- NS % NS S NS [
00 “ “ u - _ - L - — H Macrophages MO | -0.23 fggs 035 -012 -02 -011
© @ OSSO © Lo @ée\%"l/eb 20508 S oo
S q) & Q,, @ "’Jq W ¢ 0 <§> S Eosinophils -026 -0.08 004 005 -0.15
SEX & & ¢ \\ S5 P 58S A WS NS NS NSt
S FF S e ® &@\\\(,‘”\\az}“‘b sy S
¢ @(?}\g\\q @QQ\\ N é}\c’&z& Q%*@\&\eQ\’b 6\ PS @‘0&”
2 e SN & & Bcellsmemory | 03 01 005 -016 006 004
ALEN ‘Z’P ~ SRS 0<>°' S R I R
S & “RE
,\@\ < AIM2 CHMP7 ELANE GZMB MYD88 NLRP1

FIGURE 7

Immune infiltration analysis between low- and high-risk groups in the GSE65682 dataset. (A) Box plots of 22 types of immune cell composition
between low- and high-risk groups. *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001. (B) The correlation between the selected six pyroptosis-
related genes and the immune cells. NS, Not significant, *P< 0.05; **P< 0.01; ***P< 0.001.

A B
| |
2 = 2 r T T T
——
o @
S S
g 2 LT
£ E3
> o | > < |
= o = °
7} 7}
c c
[ [
(2] (2]
< ] <
S S
~ — GZMBIAUC = 0.918 (0.89~0.945) ~ — GZMBIAUC = 0.928 (0.865~0.991)
° ~— CHMPT:AUC = 0.993(0.987~0.998) ° ~— CHMPT:AUC = 0.974 (0.944~1)
— NLRP1:AUC = 0.942 (0.922~0.963) — NLRP1:AUC = 0.991 (0.978~1)
MYDB8:AUC = 0.872 (0.829~0.915) MYDBB:AUC = 0.759 (0.641~0.877)
ELANE-AUC = 0.866 (0.812~0.92) ELANE:AUC = 0.867 (0.777~0.958)
S~ — AIM2AUC = 0.935 (0.9~0.969) 2+ —  AIM2AUC = 0.982 (0.954~1)
T T T T T T T T T T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0
1 - Specificity 1 - Specificity
C D
10 10
’ *
c C s
2 o
7
a @
o Group [ Group
% B Health & B Health
[ BS sepsis  [1] BH Sepsis
6
4
4
2
AIM2 CHMP7 ELANE GZMB MYD88 NLRP1 AIM2  CHMP7 ELANE GZMB MYD88 NLRP1
Gene Gene

FIGURE 8

The performance of the selected six pyroptosis-related genes in the diagnosis of sepsis. (A, B) Receiver operating characteristic curves in the
GSE65682 dataset (A) and GSE95233 dataset (B). AUC, Area under the curve. (C, D) Box plots of the expression levels of the six genes between
sepsis patients and healthy individuals in the GSE65682 dataset (C) and GSE95233 dataset (D). ***P< 0.001, ****P< 0.0001.

Frontiers in Immunology frontiersin.org
29


https://doi.org/10.3389/fimmu.2022.1110602
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liang et al.

be removed and cleared by immune cells (14). On the other
hand, the inflammatory factors such as IL-18 and IL-1f released
by pyroptosis and the damaged tissue may contribute to cytokine
storm cascade. Moderate pyroptosis may play a protective role
against pathogens, while excessive pyroptosis may cause
uncontrolled cytokine storms (20). Therefore, pyroptosis may
be significantly associated with the prognosis of sepsis. As a
result of the present study, we found that pyroptosis-related
genes could be used to cluster patients with sepsis, and patients
in the different clusters had different prognoses, suggesting that
pyroptosis in patients with sepsis may be different, which may
lead to a different prognosis. Then, we developed a prognostic
risk score with six pyroptosis-related genes, including GZMB,
CHMP7, NLRP1, MYD88, ELANE, and AIM?2, and found that it
could predict the prognosis of sepsis patients.

Granzymes B (GZMB) is a member of grazymes family that
was considered to exert cytotoxic effects against pathogen invasion
(28). Recent studies reported that GZMB is involved in the
coagulation cascade, regulating the function of platelets and
endothelial barrier permeability in sepsis (29). The expression
level of GZMB in sepsis may be associated with the underlying
pathogen. An upregulation of GZMB was found in patients with
gram-negative bacterial infection (30), while a downregulation of
GZMB was found in sepsis patients caused by burns and trauma
(31). Charged multivesicular body protein 7 (CHMP?) is a part of
the endosomal sorting complex required for transport III
(ESCRT-III), which take part in the process of nuclear envelope
formation, endosomal sorting, neurodevelopment, and attention
deficit hyperactivity disorder (ADHD) (32). Our results revealed
that the expression of CHMP7 was significantly lower in sepsis
patients and a higher expression of CHMP7 was associated with a
better prognosis. Due to the limited number of studies, the role of
CHMP?7 in sepsis remained unclear and our study may provide
some insights for future study. The NLR family pyrin domain
containing 1(NLRPI) and absent in melanoma 2 (AIM2) are
pathogen pattern recognition (PRR) in the intracellular that
respond to the pathogen-associated molecular patterns
(PAMPs) or danger-associated molecular patterns (DAMPs),
and activation caspase-1 mediated canonical pyroptosis
pathway. Previous publications have found a significantly lower
expression of NLRPI and a significantly higher expression of
AIM?2 among sepsis patients (33, 34), besides, an even lower
expression of NLRPI was found in the non-survivor (33). Our
results were consistent with these findings and we also showed
that a higher expression of AIM2 is associated with a better
prognosis. Further studies are still needed to clarify why the
expression patterns of those genes are different even though
they trigger the same canonical pathway of pyroptosis. Another
PRR that is located in the cellular membrane called Toll-like
receptor (TLR) is also involved in the recognition of PAMPs.
Except for TLRP3, most TLR started its inflammatory response
via a common signaling pathway by recruitment signaling adaptor
protein including myeloid differentiation primary response
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protein (MYDS88) (35). An overexpression of MYD88 was
associated with a poor prognosis of neonatal sepsis (36);
However, our study found that a higher expression of MYD88
was associated with a better prognosis. This discrepancy may be
attributed to the difference in the immune system between adults
and neonatal. ELANE encodes neutrophil elastase that is secreted
by neutrophil. Neutrophil elastase could cleave GSDMD and
cause neutrophil death, and the level of ELANE was reported to
be associated with the severity of sepsis (37, 38). The expression
level of ELANE was significantly higher in sepsis patients and
associated with poor prognosis in our study.

Sepsis-induced both innate and adaptive immune
dysfunction. The immune status of sepsis patients may be a
crucial factor affecting the prognosis of sepsis (39, 40). The
functional enrichment and immune infiltration analyses
revealed differences in immune-related pathways and immune
cell composition between the patients in the low-and high-risk
groups, which may explain why the two risk groups have
different prognoses. Besides, these findings also suggested that
pyroptosis plays a role in immune dysfunction. The immune cell
could also occur pyroptosis, which has been considered to play
an essential role in the progression of sepsis. The regulation of
immune cell pyroptosis has been shown to improve the
prognosis of sepsis, with many studies focused on the
regulation of macrophage pyroptosis (41). For example, Luo
et al. found that inhibiting macrophage pyroptosis by Platelet
endothelial cell adhesion molecule-1 (PECAM-1) could improve
the prognosis in a septic murine model (42) and Song et al.
reported Sphingosine-1-phosphate receptor 2 (SIPR2) knockout
could reduce macrophage pyroptosis and improve sepsis
outcome in mice (43). Notably, the correlation analysis
showed that all six pyroptosis-related genes were correlated
with neutrophils, implying that pyroptosis and neutrophils are
closely related. Neutrophils constitute the majority of immune
cells in human peripheral blood and play an important role in
pathogen recognition and clearance. The role of neutrophil
pyroptosis in sepsis remains unclear, and regulation of
neutrophil pyroptosis has recently been assumed to have
potential therapeutic value in sepsis (44, 45). Therefore, we
believe that neutrophil pyroptosis in sepsis could be
considered for further investigation in future studies.

There are several limitations that should be acknowledged in
our study. First, although the prognostic risk score showed good
performance, it still needs to be validated in large prospective
cohort studies. Second, the prognostic factors from the GEO
database were insufficient since other prognostic factors such as
comorbidity diseases and infectious organisms were not
included. Third, the molecular mechanism of the pyroptosis-
related genes interacting with the immune cells needs to be
further explored in the experimental study.

In summary, we developed and validated a novel prognostic
predictive risk score for sepsis based on six pyroptosis-related
genes. The risk score was an independent prognostic factor of
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sepsis prognosis. Four out of the six genes also have potential
diagnostic value in sepsis diagnosis. Our findings may provide
new insight into the role of pyroptosis in sepsis and serve as a
foundation for future research.
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Fpr2 exacerbates Streptococcus
suis-induced streptococcal
toxic shock-like syndrome

via attenuation of

neutrophil recruitment

Chengpei Ni***, Song Gao*', Xudong Li**, Yuling Zheng?,
Hua Jiang™?, Peng Liu? Qingyu Lv?, Wenhua Huang?, Qian Li?,
Yuhao Ren?, Zhigiang Mi***, Decong Kong*

and Yonggiang Jiang™*

*School of Basic Medical Sciences, Anhui Medical University, Hefei, China, 2State Key Laboratory of
Pathogen and Biosecurity, Institute of Microbiology and Epidemiology, Academy of Military Medical
Sciences, Beijing, China, The Affiliated Wuxi Center for Disease Control and Prevention of Nanjing
Medical University, Wuxi Center for Disease Control and Prevention, Wuxi, China

The life-threatening disease streptococcal toxic shock-like syndrome (STSLS),
caused by the bacterial pathogen Streptococcus suis (S. suis). Proinflammatory
markers, bacterial load, granulocyte recruitment, and neutrophil extracellular traps
(NETs) levels were monitored in wild-type (WT) and Fpr2™”/~ mice suffering from
STSLS. LXA4 and AnxAl, anti-inflammatory mediators related to Fpr2, were used to
identity a potential role of the Fpr2 in STSLS development. We also elucidated the
function of Fpr2 at different infection sites by comparing the STSLS model with the
S. suis-meningitis model. Compared with the WT mice, Fpr2”~ mice exhibited a
reduced inflammatory response and bacterial load, and increased neutrophil
recruitment. Pretreatment with AnxAl or LXA4 impaired leukocyte recruitment
and increased both bacterial load and inflammatory reactions in WT but not Fpr2’/’
mice experiencing STSLS. These results indicated that Fpr2 impairs neutrophil
recruitment during STSLS, and this impairment is enhanced by AnxAl or LXA4. By
comparing the functions of Fpr2 in different S. suis infection models, inflammation
and NETs was found to hinder bacterial clearance in S. suis meningitis, and
conversely accelerate bacterial clearance in STSLS. Therefore, interference with
neutrophil recruitment could potentially be harnessed to develop new treatments
for this infectious disease.
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Introduction

Infection by the major pathogenic gram-positive bacterium
Streptococcus suis can cause life-threatening meningitis and sepsis
in humans and in swine, which can lead to significant economic losses
by the pig breeding industry. The severe lethality of two recent
outbreaks in humans was attributed to invasive multiple organ
failure resulting from streptococcal toxic-shock-like syndrome
(STSLS) (1, 2). Previous studies have indicated that Suilysin, a pore-
forming cholesterol-dependent cytolysin of S. suis, could activate the
inflammasome and cause STSLS (3-5). Although STSLS was long
time considered to result from excessive activation of the
inflammatory response, the inefficacy of anti-cytokine therapy in
several clinical trials determined that the pathogenesis of sepsis was
complex. Current research suggests that a proinflammatory response
and an anti-inflammatory response occur concurrently in septic
patients (6). Because of the ineffectiveness of current treatments,
research focusing on the development of therapeutics for STSLS
is urgent.

Fpr2 is an intriguing G-protein-coupled chemoattractant receptor
(GPCR) known for its dual role in immunoregulation (7). It exerts
pro-resolution properties by binding anti-inflammatory mediators
such as annexin A1(AnxA1) and lipoxin A4 (LXA4), which has been
confirmed in both in vitro and in vivo experiments (8). However, Fpr2
also possesses the ability to sense formyl peptides or serum amyloid A
(SAA) to induce pro-inflammatory responses (9). Due to the diversity
of Fpr2 ligands, the role of Fpr2 in host immune response depends on
the stages of infection and associated ligand profile. The dual roles of
Fpr2 make its function in pathogenesis difficult to determine.
Although Fpr2 is widely distributed across multiple cells and
tissues, it is mainly expressed in myeloid cells. The mouse Fpr2 is
most similar to human Fpr2 structurally and functionally, as
confirmed by in vivo and in vitro research (10).

As the most abundant granulocytes, neutrophils serve as the first
line of defense against invading pathogens via their functions in
phagocytosis, and reactive oxygen species (ROS) and protease
production. Additionally, neutrophil extracellular traps (NETs),
formulated by active neutrophils under certain conditions, have
recently been identified as a novel bactericidal mechanism. NETs
contain a web of extracellular DNA, histones, myeloperoxidase, and
elastases, which strengthen their antimicrobial effect (11). NETs are
highly effective at killing bacteria and hindering their spread.
Although excessive activation of NETs in sepsis is associated with
multiple organ failure, NETs undoubtedly play protective roles in the
initial stages of infection. The role of Fpr2 in regulating NET's
formation in active neutrophils when stimulated with methicillin-
resistant Staphylococcus aureus (MRSA) is thought to be associated
with an endogenous anti-inflammatory ligand of Fpr2 in the lipoxin
pathway (12). The impact of neutrophil recruitment on disease
development is dependent on disease pathology, genetics, and
environmental stimuli.

Fpr2 impairs the neutrophil recruitment during infection, and
AnxAl has a protective effect in downregulating inflammation
through Fpr2 (13). As the immunological responses to bacterial
meningitis and STSLS may be quite different, we aimed to
investigate the role of Fpr2 in S. suis-induced systemic infection,
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concentrating on the effects of the pro-resolution agents AnxA1l and
LXA1 on STSLS progression. By comparing the S. suis-meningitis
model to the STSLS models, we were able to identify differences in the
immune regulation mechanism of Fpr2 in these different S. suis
infection models. We demonstrated a regulatory role of Fpr2 in
controlling neutrophil recruitment, which contributes to the
pathogenesis of STSLS pathogenesis by decreasing neutrophil
recruitment and NETs formation during the early stages of
infection. We also found that inhibition of neutrophil recruitment
and NETs formation produced opposing effects on disease
progression between bacterial meningitis and systemic infection.
This study provides valuable fundamental information for further
research into treatment of S. suis infection and potentially other
infectious diseases.

Materials and methods
Bacteria and animals

The wild-type strain S. suis 05ZYH33 is a clinical isolate that
caused an STSLS outbreak in Sichuan Province of China. S. suis was
grown in Todd-Hewitt Broth (THB) medium at 37°C and were
harvested for experimentation at the mid-log growth phase bacteria. 6
to 8 weeks old C57BL/6] female mice were purchased from SPF
(Beijing, China) Biotechnology Co., Ltd. C57BL/6] Fpr2 " mice was
generated as indicated in previous studies (13). In brief, Fpr2-deficient
mice were generated using the Cre/LoxP system. Mice harboring a
floxed allele of Fpr2 (Fpr2'**/*) were obtained from Cyagen
Biosciences (Guangzhou, China); these mice were interbred to
generate Fpr2' ™" mice. Fpr2?* mice were then mated with
Ella-cre transgenic mice to generate a null allele of Fpr2 (Fpr2*).
Fpr2™" mice were identified by PCR genotyping using multiple
primers (mFpr2_F1 [CTCATACGCATTTGCTGTCTTCACAC],
mFpr2_R1 [TCCAATTATATCCCTTTCATGGCAAAC], and
mFpr2_F3 [ACAAGGGCCTGCATGTGCCCTCTG]).
Fpr2*”~ mice were interbred to generate Fpr2”~ mice.

Finally,

Infection

For the STSLS model, a standard bacterial dose (2 x 10” CFU) of
bacterial suspensions or a vehicle solution (THB) were infused
intraperitoneally in WT or Fpr2”" mice. In survival experiments,
high dose (5 x 10" CFU) of S. suis were used. Peritoneal lavage fluid
(PLF), blood, and tissues were obtained for analysis at the indicated
time point during infection. Bacterial viability was monitored by
plating serial dilutions of blood or PLF. Cytokine and chemokine
levels and hematoxylin and eosin (H&E) stain were also performed at
12 h post-infection. All the mice were monitored up to 5 d and clinical
score were assigned according to the scoring criteria developed in a
previous study (14): 4 = dead; 3 = non-responsive or walking in
circles; 2 = responds only to repeated stimuli; 1 = ruffled coat and slow
response to stimuli, and 0 = normal response to stimuli. For the
meningitis model, mice were inoculated with 10 ul of bacterial
suspension (1.25 X 10° CFU) suspension intracisternally after
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general anesthesia (pentobarbital sodium, 50 mg/kg). Mice were
monitored up to 72 h to record deaths. Bacterial load in the brain
and blood were evaluated at 14 h, when most animals developed
clinical symptoms.

Antagonist

For the interference test, Fpr2/ALX antagonist, WRW4 (Sangon,
China) and BOC-2 (N-t-Boc-Phe-Leu-Phe-Leu-Phe; Sangon,
China,10 pg/kg; i.p.) were administered after 1 h of infection. In
the remaining experiments, animals were treated with AnxAl
(Biobry, UK, 50 ug/kg; i.p.) or LXA4 (Cayman Chemical Company,
USA; 2.5 ug/kg; i.p.) 1 h after infection (15).

Neutrophil-depleting

26 mg/kg of anti-mouse Ly6G (BioXcell, USA, clone:1A8),
InVivoMAb, or IgG2a isotype control (BioXcell, USA, clone:2A3)
were injected into mice intraperitoneally (i.p.) before infection (16).

FACS analysis

To determine the activity of neutrophils or macrophage
recruitment, the PLF of mice was collected and analysis by FACS.
At each indicated time point, animals were euthanized by carbon
dioxide asphyxiation, and the abdomen gently massaged. 10 ml sterile
harvest solution (PBS+EDTA) was injected intraperitoneally, then the
peritoneal fluid was withdrawn and centrifuged (10 min, 200 x g) to
collect recruited leukocytes. After quantifying the absolute number,
cells were treated with an FcR-blocking reagent (CD16/CD32, BD
Pharmingen) for 15 min, then cells incubated with mixed antibodies:
FITC-conjugated anti-mouse CD45 (N418, Biolegend, USA); PerCP-
Cy5.5-conjugated anti-mouse CD11b (M1/70 Biolegend, USA) APC-
conjugated anti-mouse F4/80 (BM8, Biolegend, USA), PE-conjugated
anti-mouse Ly6G (RB6-8C5 Biolegend, USA), PE-Cy7-conjugated
anti-mouse Ly6C (HK1.4 Biolegend, USA), and APC-Cy7-conjugated
fixable viability dye eFluor780 (Invitrogen). After washing, cells were
suspended in sorting buffer for FACS analysis. Data analysis was
performed using BD Verse software.

Multiplexed cytokines measurement

The ProcartaPlex Multiplex Immunoassay (EPXR360-26092-
901, Invitrogen) was used for measuring cytokine and chemokine
levels in the mouse serum after infection. The test was performed
according to the manufacturer’s instructions

Histopathology

Livers and spleen from infected mice were removed and fixed in
formalin overnight before embedding in paraffin. Slides were stained
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with hematoxylin and eosin, and the histopathology of tissues was
analyzed using microscope.

Confocal microscopy

The cells in PLF of infected mice were collected and pipetted into
the wells of Lab-Tek Chamber Slides (ThermoFisher Scientific). After
a 5 min incubation, detached cells were removed from each well. The
cells were incubated with 4% paraformaldehyde for 10 min at room
temperature, then permeabilized (0.25% Triton X-100) and blocked
(1% BSA, 1 h, RT). Cells were stained with anti-mouse elastase (Bioss,
dilution 1:200) and detected with Alexafluor 488-labeled secondary
goat-anti-rabbit Fab antibody fragments (Life Technologies, dilution
1:1000). The slides were counterstained with DAPI by Prolong
Diamond mounting medium (Invitrogen). Analysis was performed
by confocal microscopy (Nikon Eclipse Ti).

Isolation of neutrophils from
peritoneal fluids

Cell isolation and identification were conducted based on
previous research (17). In brief, mice were injected with 1.0 ml
casein solution into the peritoneal cavity, and a second injection
was performed after one night. The peritoneal fluid was collected 3 h
after the second injection. Peritoneal exudate cells were mixed with
9 ml of Percoll gradient solution in a 10-ml ultracentrifuge tube. After
ultracentrifuging (20 min at 60,650 x g 4°C), neutrophils in the
second opaque layer were collected. Cell purity and viability were
determined by FACS.

Bactericidal activity of neutrophils

Neutrophils (2x10° cells) were incubated with S. suis (MOI=5) for
1 or 3 h at 37°C. A portion of the supernatants were taken and
cultured overnight on THB plates at certain points to quantify non-
engulfed extracellular bacteria. Part of the mixture was washed to
remove the extracellular non-engulfed S. suis, then cells were laid onto
3 microscopic slides. Liu’s Stain was used to visualize cell morphology
and 200 neutrophils per slide were counted for bacterial clearance
rate. Bactericidal activity of neutrophils was determined by counting
the number of live extracellular bacterial colonies, and the bacterial
clearance rate was determined using Romanowsky Stain. Three
replicate experiments were done for each experiment.

Statistical analysis

The data in this study were statistically analyzed by GraphPad
Prism 8 software and all data were present as the mean * standard
deviation (mean * SD) unless otherwise noted. A two-way analysis of
variance was used for the clinical scoring of mice. For the survival
experiment, data was analyzed using the Kaplan-Meier method and
Log-Rank test. For bacterial load, cytokine expression, and immune
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cells detection, data were analyzed with the Mann-Whitney U test; P
<0.05, was considered significant.

Results

Fpr2 contribute to the
pathogenesis of STSLS

To analyze the role of Fpr2 in the pathogenesis of STSLS, the
expression of Fpr2 was detected in mice inoculated with S. suis
intraperitoneally. Survival was monitored in WRW4 and BOC-2
(Fpr2 antagonist) intervention experiments. The increased
expression of Fpr2 gene in the spleen implied a participatory role
of Fpr2 during infection (Figure 1A). In the intervention trial,
inhibiting Fpr2 with an antagonist significantly reduced the
bacterial load and mortality of mice with STSLS (Figures 1B, C).
Fpr2”" mice were used for a more detailed study of S. suis infection.
After monitoring the bacterial load and mortality in WT and Fpr2™~
STSLS mice, lower mortality rates and bacterial load were observed
in the Fpr2”" mice (Figures 1D-F). A significant difference in
bacterial load was observed in 6 h and 12 h post-infection both in
blood and PLF (Figures 1E, F). These results indicate that Fpr2
exacerbates the acute symptoms of STSLS.Cytokine production,
pathological changes, body temperature changes, and clinical
evaluation were also monitored in infected mice. Mice deficient in
Fpr2 had a lower inflammatory response supported by decreased
soluble mediators and alleviated tissue injury at 12 h post-infection
(Figures 2A, B). The soluble mediators of PLF in infected mice at 3

10.3389/fimmu.2023.1094331

and 6 h were also detected, the deceased cytokines were significantly
observed at 6 h in Fpr2”~ mice, especially in CXCL1, CXCL2 and IL-
6 (Figure S1). Hepatocyte apoptosis and splenocyte necrosis were
only observed in WT mice (Figure 2B). Moreover, in contrast with
Fpr2”" mice, induction of STSLS yielded worse clinical scores and
prolonged hypothermia for WT mice. (Figures 2C, D). Collectively,
these data indicate a potential contributing role of Fpr2 in
STSLS pathogenesis.

Fpr2 deficiency enhances neutrophil
recruitment during the early stages of STSLS

We focused on leukocyte activity during infection to understand
the role of Fpr2 in the STSLS-induced inflammatory response. WT
and Fpr2”~ mice were inoculated with standard dose of S. suis (2 x10”
CFU) intraperitoneally. Counts of leukocyte in the PLF were
determined during infection. Macrophages/monocytes and
neutrophils are the two main immune cells in the PLF after
infection (Figure 3A). Flow cytometry analysis revealed striking
neutrophilia in Fpr2”~ mice at 3 and 6 h (Figure 3B). No significant
difference was observed in macrophage counts between the two mice
genotypes (Figure 3C). Higher level of NETs was also found in the
plasma and PLF of Fpr2”~ mice at 6 h post-infection (Figures 3D, E),
which was further confirmed by immunofluorescence results. The
filamentous chromatin fibers, areas of decondensed extracellular
thread-like DNA colocalizing with neutrophil elastase, as visualized
by confocal microscopy depict the NETs. More NETSs construction
was observed in the PLF of Fpr2”" mice (Figure 3F). Together, these
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FIGURE 1

Fpr2 makes mice more susceptible to STSLS. (A) Wild-type mice were inoculated with standard S. suis dose intraperitoneally and Fpr2 mRNA levels in the
spleen were evaluated. (B) Kaplan—Meier curves (N=10) of mice treated with BOC-2 (600 ng/kg), WRW4 (1 mg/kg), or a vehicle solution (THB) at 1 h after
infection with a high dose of S. suis. (C) Blood bacteria in mice inoculated with standard dose of S. suis. (D) In WT and Fpr2”~ mice infected with high
dose of S. suis, Kaplan—Meier curves (N=8) were monitored for 72 h. (E) Bacterial loads in blood and (F) peritoneal lavage fluid was monitored at the
indicated time points in mice infected with a standard dose of S. suis. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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data suggest that Fpr2 impaired the recruitment of neutrophils and
production of NET's during STSLS.

Fpr2 has no direct impact on
NETs construction

Having established active neutrophil recruitment and higher
levels of NETSs structure in Fpr2”™ mice suffering from STSLS, we
further explored how Fpr2 affects the morphology or function of
neutrophils. The bactericidal ability and oxidative stress properties of
WT and Fpr2”" neutrophils were evaluated after cells were treated by
S. suis (MOI=5) in vitro. To determine bactericidal ability, the
bacterial clearance rate was evaluated at 1 and 3 h (Figure 4A). The
extracellular bacterial load, which reflects the bactericidal capacity of
WT and Fpr2”" neutrophils, was also evaluated (Figure 4B). Bacterial
clearance rate calculation of stimulated neutrophils revealed that
Fpr2”" cells exhibited lower bacterial clearance rate than WT mice
at 1 h post treatment. However, this had no influence on the
bactericidal ability of neutrophils, as the phagocytic bacteria and
extracellular bacteria between the cells of the two genotypes showed
no significant differences at 3 h. Regarding oxidative stress properties,
ROS production was monitored when WT and Fpr2” cells were
treated with S. suis at different MOIs. Although there was higher light
intensity in the WT group before 25 min, as the infection progressed
no differences were observed between the cells of the two genotypes at
40 min (Figure 4C). No significant difference was observed in the
NETs production experiment when the two genotype neutrophils
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were treated with S. suis for 3 h in vitro. (Figure 4D). These results
indicate that Fpr2 did not directly affect ROS and NET's production of
neutrophils in vitro, and that the improved leukocyte infiltration of
Fpr2 deficient mice may account for the higher levels of NETs
observed in vivo.

LXA4 and AnxAl promote bacterial
proliferation through Fpr2

Administration of LXA4 or AnxAl efficiently alleviates
neutrophil accumulation, reduces inflammation, and attenuates
many diseases. Our previous study elucidated the potential
therapeutic effect of AnxAl in S. suis meningitis. In this study,
LXA4 and AnxAl were used as an intervention in STSLS infection
to explore the potential effects of LXA4 and AnxAl in STSLS
treatment. Analysis of cytometer results showed the potential anti-
recruitment function of LXA4 and AnxAl in WT mice at 3 and 6 h
post-infection, although no effect was observed in Fpr2”" mice.
(Figures 5A-C). The bacterial load in the blood and PLF at 6 h was
monitored. High bacterial loads were observed in LXA4 or AnxAl
treated WT mice, but this effect was not observed in Fpr2”" mice
(Figures 5D, E). In order to confirm that Fpr2 primarily affects the
activity of neutrophils in STSLS, we used anti-Ly6G antibody to block
the neutrophils. Treatment with anti-Ly6G eliminated observed
differences between the WT and Fpr2”/" mice (Figure 5F).
Compared to the isotype group, pretreatment with anti-Ly6G
increased mortality and accelerated death from STSLS. Neutrophil
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mice were inoculated with a standard bacterial dose of S. suis intraperitoneally. (A)

Scattergrams of neutrophils (identified as Ly6G* F4/807) and monocyte—macrophage (identified as Ly6G~F4/80™) positive events in peritoneal lavage
fluids (PLF) from infected mice by flow cytometry analysis. (B) Absolute number of neutrophils or (C) macrophages/monocytes in PLF after infection at
the indicated timepoint (N>3). (D) NETs-detection in the serum or (E) PLF at the indicated timepoint (N>3). (F) PLF of mice at 6 h post-infection

visualized by immunofluorescence against neutrophil

recruitment during the early stages of STSLS plays an indispensable
role in bacterial clearance, which is a key step regulated by Fpr2
during the inflammation response.

Clinical symptoms score, lethality test and histopathology
changes in STSLS, were also assessed when LXA4 and AnxAl were
used. Treatment with LXA4 or AnxAl in WT mice increased the
clinical symptom score and lethality in these mice, indicating a
detrimental role of anti-recruitment drugs in STSLS (Figures 6A-C).
Exaggerated tissue damage was also observed in WT but not Fpr2”"
mice (Figure 6D). Those data further demonstrate that neutrophil
recruitment during the early stages of infection plays a crucial role in
controlling bacterial proliferation and dissemination. The anti-
recruitment mediators LXA4 and AnxAl aggravated tissue damage
and increased the inflammatory response in STSLS via Fpr2.

Bidirectional effects of NETs on
Streptococcus suis proliferation
and host protection

Previous studies from our laboratory have reported the beneficial
role of Fpr2 in bacterial clearance and inflammation resolution during
S. suis meningitis. Fpr2”~ mice were highly susceptible to S. suis
meningitis, and displayed increased bacterial dissemination and
neutrophil migration. AnxAl attenuated inflammatory responses
and neutrophil invasion through Fpr2 during S. suis meningitis.
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elastase (green) and DNA (blue). Size bars represent 10 um. *, P < 0.05; ***, P < 0.001

When compared with the current study on the STSLS model, both
studies revealed an anti-recruitment function of Fpr2 during
infection, but opposite effects on disease development in the
different infection models. We speculated that neutrophil
recruitment may play a different role in bacterial dissemination and
disease treatment between meningitis and STSLS. Dexamethasone
(dex) is a powerful anti-inflammatory compound inhibiting
inflammatory cell recruitment and production of proinflammatory
cytokines. Thus, dexamethasone was used to pretreat mice suffering
from S. suis induced STSLS or meningitis to investigate the potential
role of early inflammation at different infection sites. Injection of
dexamethasone decreased the mortality of Fpr2”~ mice in the
meningitis model, but accelerated the death in Fpr2”~ mice with
STSLS (Figures 7A, B). Similar results were also obtained in WT mice
(Figure S2). These results indicate that inflammation during the early
stages of disease development is detrimental to host survival in the
meningitis model, but beneficial to survival in the STSLS model. This
finding was aligned with the results from a DNA intervention
experiment which clarified the dual role of NETs during STSLS and
meningitis. DNase I (DNase), which effectively degrades NET-
associated DNA, was infused at the time of infection to prevent the
accumulation of NETs in both the meningitis and STSLS models.
Survival and bacterial load of infected mice in both infected models
were evaluated. DNase significantly increased the mortality of the
STSLS mice, but reduced the mortality of the meningitis mice
(Figures 7C, D). Additionally, DNase treatment significantly
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Fpr2 has no direct impact on NETs construction in vitro. WT and Fpr2 neutrophils stimulated with S. suis (MOI = 5) in vitro. (A) Bacterial clearance rate
and (B) extracellular bacteria were monitored at 1 and 3 h. (C) In the ROS production experiment, the level of light intensity was measured when
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aggrandized the bacterial load in the STSLS mice, but had an opposite
effect on the meningitis group (Figures 7E, F). This suggests that
NETs play protective roles in bacterial cleaning and host individual
survival in the initial stages of STSLS, whereas it interferes with
bacterial clearance in the CNS and aggravates the severity of
meningitis. These results highlight a dual role of neutrophils and
NETs on S. suis proliferation and host protection in meningitis and
STSLS models.

Discussion

The present study aimed to investigate the role of Fpr2 in the
pathogenesis of the disease Streptococcal toxic shock-like syndrome
(STSLS) and to explore the potential effects of the pro-resolution
agents LXA4 or AnxAl in disease treatment. The results
demonstrated a detrimental impact of Fpr2 on STSLS pathogenesis
by restricting the recruitment of neutrophils to the infection site,
especially in the early stages of infection. Interference with Fpr2 or
neutrophil recruitment activity may be a new therapeutic strategy to
treat STSLS. Interestingly, a completely opposite effect of early
neutrophil activity was observed in the S. suis meningitis models.
Their powerful bactericidal and oxidative stress functions make
neutrophils the most essential immune cells in the host defense
system during infectious disease progression. However, neutrophils
may exert opposite effects on disease progression in systemic or local
infections in the early or late stages. The dual role of NETs may hinder
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bacterial clearance in the CNS, but accelerate bacterial clearance in the
STSLS model. These findings indicate that regulating neutrophil
recruitment is a potential treatment strategy to control
infectious disease.

The therapeutic and anti-inflammatory effects of LXA4 have been
demonstrated in many studies. During inflammatory brain injury
after intracerebral hemorrhage, LxA4 reduced brain-infiltration by
neutrophils and ameliorated the inflammatory brain injury (18). The
administration of LXA4 has also been reported to suppress
inflammation by and infiltration of neutrophils in experimental
subarachnoid hemorrhage rat models (19). Interestingly, LXA4
exhibits a dual role in Klebsiella pneumoniae induced sepsis.
Treatment with LXA4 worsened the infection and decreased cell
migration in early sepsis but improved the survival rate by reducing
the excessive inflammatory response in late sepsis (15). These findings
are highly consistent with our results. Fpr2™~ mice have been used in
many studies focused on infection or inflammation. Previous studies
have confirmed that the antimigratory compounds lipoxin A and
annexin Al were reduced notably in Fpr2’/’ mice (20). In the
Streptococcus pneumoniae (S. pneumoniae) infected mouse model,
increased infiltration made Fpr2”" mice highly susceptible to S.
pneumoniae meningitis (21). A study of ageing Fpr2”~ mice showed
an integrative role of Fpr2 in cardiac inflammation-resolution
processes and obesogenic aging. Fpr2 dysfunction magnified
obesogenic cardiomyopathy and neutrophil recruitment in aging
mice (22). These studies highlight the essential regulatory roles of
Fpr2 in different inflammatory responses.
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Fpr2 performs both pro-inflammatory and pro-resolution
immune functions depending on the presence of diverse ligands.
Mice deficient in Fpr2 experienced more severity Listeria or S. aureus
infection due to decreased leukocyte recruitment (23). This may be
due to in the differing effects of Fpr2 on localized and systemic
infections. Another potential explanation is the variable by-products
generated during infection by different pathogens, as one virulence-
associated factor of S. suis, Suilysin was associated with bacterial
aggressiveness during infection by increasing cell-damaging effects.
Formyl peptides of mitochondria, when released in response to cell
damage, can be directly recognized by Fpr2 receptors and trigger an
intense inflammatory response (24, 25).

The CNS has a poorly developed lymphatic drainage system and
unique composition of the capillaries compared to most other organs
(26). Since Foldi first proposed a role for the lymphatic system in the
CNS and Louveau made the official discovery of it in vivo (27)much
more about these processes are understood, but there are still plenty
of mysteries surrounding the lymphatic network of the CNS. The
unique composition of the capillaries in the brain, such as the end feet
of astrocytes and pericytes, also results in different functions and
behaviors. Strong neutrophil recruitment could potentially destroy
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normal tissue, interfere with cerebrospinal fluid circulation, and
hinder bacterial clearance.

The protective function of NETs-including how they contribute
to bacterial removal and inflammation resolution-in the initial stages
of sepsis have been described for many infectious diseases, including
those resulting from S. suis, S. pneumoniae, and S. aureus infections
(28-30). A study on protein arginine deiminase 4 knockout mice
demonstrated that killing of Shigella flexneri is mediated by NETs
(31). However, detrimental effects of NETs in sepsis have also been
described, as excessive NET's formation was associated with multiple
organ injuries, a hyperinflammatory response, and thrombosis (32).
Aberrant amounts of NETs could occlude capillaries, impair
microcirculation, and injure normal tissues (33). Many pathogens
have distinct DNases to degrade the DNA of NETs. Both
endonuclease A (designated EndAsuis) and secreted S. suis nuclease
A are capable of degrading NETSs in vitro (34). Nuclease expression by
S. aureus was associated with delayed bacterial clearance and
facilitated bacterial escape from NETs (35). Hosts have also evolved
unique tools, such as the antimicrobial peptide LL37, to protect
against degradation by bacterial nucleases (36). A previous study
revealed that Fpr2”" mice had excessive NETs formation after
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bacterial infection and that the lipoxin pathway could be a potent
modulator (37). The involvement of Fpr2 in NETosis-related
pathways may result from modifying calcium flux, which effectively
promotes neutrophil apoptosis (33).

Fpr2 primarily causes increased neutrophil recruitment in S. suis
infection, which exerts different effects on disease progression and
host protection. Therapies that inhibit the synthesis or action of LXA4
and/or AnxAl, or that stimulate neutrophil activation could be useful
for STSLS treatment. We also emphasize the delicate balance of
inflammation response, which should be regulated under precise
control with relation to different infection stages and sites. Therapy
targeting Fpr2 or recruitment could potentially be developed as an
additional treatment to antibiotics for infectious diseases.
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Background: Inhibition of sphingosine kinase 1 (SphK1), which catalyzes bioactive
lipid sphingosine-1-phosphate (S1P), attenuates NLRP3 inflammasome activation.
S1P exerts most of its function by binding to S1P receptors (SIPR1-5). The roles of
S1P receptors in NLRP3 inflammasome activation remain unclear.

Materials and methods: The mRNA expressions of SIPRs in bone marrow-derived
macrophages (BMDMs) were measured by real-time quantitative polymerase chain
reaction (QPCR) assays. BMDMs were primed with LPS and stimulated with NLRP3
activators, including ATP, nigericin, and imiquimod. Interleukin-1p (IL-1B) in the cell
culture supernatant was detected by enzyme-linked immunosorbent assay (ELISA).
Intracellular potassium was labeled with a potassium indicator and was measured
by confocal microscopy. Protein expression in whole-cell or plasma membrane
fraction was measured by Western blot. Cecal ligation and puncture (CLP) was
induced in C57BL/6J mice. Mortality, lung wet/dry ratio, NLRP3 activation, and
bacterial loads were measured.

Results: Macrophages expressed all five S1IPRs in the resting state. The mRNA
expression of SIPR3 was upregulated after lipopolysaccharide (LPS) stimulation.
Inhibition of SIPR3 suppressed NLRP3 and pro-IL-1pB in macrophages primed with
LPS. Inhibition of S1PR3 attenuated ATP-induced NLRP3 inflammasome activation,
enhanced nigericin-induced NLRP3 activation, and did not affect imiquimod-
induced NLRP3 inflammasome activation. In addition, inhibition of S1PR3
suppressed ATP-induced intracellular potassium efflux. Inhibition of S1PR3 did
not affect the mRNA or protein expression of TWIK2 in LPS-primed BMDMs. ATP
stimulation induced TWIK2 expression in the plasma membrane of LPS-primed
BMDMs, and inhibition of SIPR3 impeded the membrane expression of TWIK2
induced by ATP. Compared with CLP mice treated with vehicle, CLP mice treated
with the S1IPR3 antagonist, TY52156, had aggravated pulmonary edema, increased
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bacterial loads in the lung, liver, spleen, and blood, and a higher seven-day

mortality rate.

Conclusions: Inhibition of SIPR3 suppresses the expression of NLRP3 and pro-IL-
1B during LPS priming, and attenuates ATP-induced NLRP3 inflammasome
activation by impeding membrane trafficking of TWIK2 and potassium efflux.
Although inhibition of SIPR3 decreases IL-1B maturation in the lungs, it leads to
higher bacterial loads and mortality in CLP mice.

KEYWORDS

sepsis, NLRP3 inflammasome, sphingosine-1-phosphate receptor, TWIK2, macrophage

Introduction

Sepsis is a critical clinical condition caused by infection. Globally,
more than 19 million people are diagnosed with sepsis each year (1).
Despite advances in supportive care for patients with sepsis, mortality
remains over 25% (1). Currently, no specific treatment is available for
sepsis. Sepsis is defined as a dysregulated host response to infection,
and thus modulation of immune response is considered a reasonable
approach to the treatment of sepsis.

Nucleotide-binding oligomerization domain-like receptor
containing pyrin domain 3 (NLRP3) inflammasome is a
multiprotein complex that triggers inflammatory responses in
immune cells including macrophages (2). Nirp3 deficiency has been
reported to protect mice from excessive pro-inflammatory cytokine
storm and organ damage in inflammatory conditions including sepsis
(3, 4). The activation of NLRP3 requires at least two signals (5). In the
initial stage, the priming signals such as lipopolysaccharide (LPS) or
tumor necrosis factor o (TNF-o) upregulate the transcription of
NLRP3, interleukin-1B (IL-1B), and interleukin-18 (IL-18) in a
nuclear factor kB (NF-kB)-dependent way (5). In addition, the
priming signal licenses NLRP3 to rapidly respond to activating
stimuli by post-translational modifications (6). Next, pathogen-
associated molecular patterns (PAMPs) or danger-associated
molecular patterns (DAMPs) such as adenosine triphosphate (ATP)
act as the activation signal, which leads to the recruitment of the
adaptor protein apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), never in mitosis A-related kinase
7 (NEK7) and pro-caspase-1 to NLRP3 (5). Then pro-caspase-1 is
cleaved into bioactive caspase-1, which activates pro-IL-18 and pro-
IL-18 into IL-1B and IL-18, respectively. Although reactive oxygen
species production, metabolism disorder, mitochondrial dysfunction,
lysosomal damage, and iron flux contribute contributes to NLRP3
activation, studies have shown that the decrease in intracellular
potassium is an essential upstream event in NLRP3 activation
induced by ATP and other DAMPs (7, 8). However, the
mechanism of potassium efflux triggered by DAMPs remains
poorly understood.

Sphingosine-1-phosphate (S1P) is a bioactive lipid that is
generated from sphingosine by two key isoforms of sphingosine
kinases, SphK1 and SphK2. S1P regulates diverse biologic processes
by binding to five transmembrane sphingosine-1-phosphate receptors
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(S1PRs), SIPR1-S1PRS5 (9). SphK1/S1P/S1PRs axis plays a key role in
the pro-inflammatory response of macrophages and orchestrates the
pathogenesis of inflammatory-related diseases such as inflammatory
bowel disease, atherosclerosis, and infection (10). S1P is shown to
stimulate NLRP3 inflammasome activation by acting as both priming
and activation signals (11, 12). We have reported that inhibition of
SphK1 improved the survival and lung vascular leakage in mice with
cecal ligation and puncture (CLP)-induced sepsis by impeding
NLRP3 inflammasome activation and subsequent IL-1f release
from macrophages (11). However, the roles of SIPRs in NLRP3
inflammasome activation remain unclear. In this study, we explored
whether the SI1P receptors have a regulatory role in NLRP3
inflammasome activation and sepsis.

Materials and methods
Animals

Male C57BL/6 mice (10-to 12-week-old, 23-25g) were used in the
experiments. All mice were housed in a specific pathogen-free facility
with a 12:12 light: dark cycle and were free to food and water. Animal
experimental protocols were approved by the Animal Care and Use
Committee of the Zhongshan Hospital, Fudan University.

Polymicrobial sepsis model and
drug treatment

Polymicrobial sepsis was induced by cecal ligation and puncture
(CLP). Mice were intraperitoneally anesthetized with pentobarbital (80
mg/kg). Under the aseptic condition, laparotomy was performed with a
1 cm cut in the lower abdomen. The cecum was ligated at the point of 1
cm from the distal end of the cecum followed by a puncture with a 16-
gauge needle. A small amount of feces was exteriorized from the cecum
and the cecum was returned to the peritoneal cavity. The sham surgery
was performed as surgical control, where the same operations were
conducted except for cecal ligation, puncture, and exteriorization of
feces. TY52156 was resolved in dimethyl sulfoxide (DMSO) at a
concentration of 20mg/ml. Twenty minutes before surgery, TY52156
(10 mg/kg) or DMSO was injected intraperitoneally. No antibiotics
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were given. An overdose of pentobarbital was used for the euthanasia
of mice.

Measurement of bacterial burden

Blood and tissues were aseptically harvested from mice at 24 h
after CLP. Tissues were homogenized in sterile PBS at 4°C, and the
homogenates were diluted 10-fold with sterile PBS. Then blood and
tissue homogenates were plated on LB agar plates, which were
incubated at 37°C for 16 to 24 h under aerobic conditions. Colony-
forming units (CFUs) were calculated and log-transformed for
statistical analysis.

Measurement of wet/dry ratio

Left lung tissues harvested 24 h after CLP were weighed as the wet
weight. Then, the lung tissues were dried in an oven at 60 °C for 48 h,
the tissues were weighed again as the dry weight. The ratio of lung
wet/dry weight was calculated.

Cell culture and stimulation

Bone marrow cells were prepared from C57BL/6] mice, as
previously described. In brief, bone marrow cells were
differentiated into bone marrow-derived macrophages (BMDMs)
for 6-7 days with DMEM/F12 medium (Hyclone, USA)
supplemented with 20% L929 conditioned media and 10% heat-
inactivate fetal bovine serum (FBS) (Biological Industries, Israel).
The medium was replaced every 2-3 days. BMDMs were primed
with 1 pg/ml LPS for 3 h in FBS free medium, with S1IPR1 antagonist
(W146, 3602, Tocris Bioscience, USA), SIPR2 antagonist (JTE-013,
10009458, Cayman, USA), S1PR3 antagonist (TY52156, 19119,
Cayman, USA), S1PR4 antagonist (CYM 50358, 4679, Tocris
Bioscience, UK), S1PR5 agonist (A971432, SML1744, Sigma-
Aldrich, USA) or vehicle. After priming, BMDMs were stimulated
with 3 mM ATP (A2383-5G, Sigma-Aldrich, USA), 10uM Nigericin
(tlrl-nig, In vivogen, USA), 25ug/mL imiquimod (tlrl-imgq, In
vivogen, USA) for 30 min; 2ug/mL flagellin (tlrl-stfla, In vivogen,
USA) with 2.5 pl/ml of Lipofectamine 2000, 5ug/mL dsDNA ug
(tlrl-patn, In vivogen, USA) with 2.5 ul/ml of Lipofectamine 2000
for 6h. Cells were lysed for Western blot, and the supernatant was
collected after stimulation.

Real-time quantitative polymerase chain
reaction assays

The total ribonucleic acid (RNA) was extracted from BMDMs
using TRIzol reagent (Invitrogen, USA), and was converted to
complementary deoxyribonucleic acid with the Reverse
Transcription Master Mix (EZBioscience, USA). Quantitative real-
time polymerase chain reaction (QPCR) was performed using SYBR
Green qPCR Master Mix (EZBioscience, USA) according to the
manufacturer’s protocols. Primers are listed in Supplementary Table 1
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Enzyme-linked immunosorbent assay

IL-1PB in the supernatant was measured by Mouse IL-1 beta/IL-
1F2 DuoSet enzyme-linked immunosorbent assay kit (R&D, DY401-
05, USA) according to the manufacturer’s instructions.

Western blot

Cells were lysed in Nonidet P-40 lysis buffer with
phenylmethanesulfonyl fluoride and protease inhibitor. Boiled
samples of cell lysate with loading buffer were electrophoresed and
transferred onto a 0.2pum polyvinylidene fluoride membrane (Millipore,
USA). Membranes were blocked with 5% nonfat dry milk for 1 h at
room temperature followed by incubation with primary antibodies
overnight at 4°C. Then the membranes were incubated with secondary
antibodies for 1 h at room temperature and were detected with an
enhanced chemical luminescence kit (Beyotime technology, China).
Antibodies are shown in Supplementary Table 2.

Measurement of intracellular potassium

Cells were loaded with a potassium indicator, ION Potassium
Green-2 AM (ab142806, Abcam, UK) at 5uM for 30 min at room
temperature, according to the manufacturer’s instructions. After two
washes in warmed PBS, cells were imaged using an Olympus FV3000
inverted confocal microscope. The fluorescence signal between
530nm and 560 nm was recorded.

Plasma membrane protein separation

The plasma membrane was isolated using Plasma Membrane
Protein Extraction Kit (ab65400, Abcam, UK) according to the
manufacturer’s instructions. One 10-cm plate of cells for each
condition was scraped in phosphate-buffered saline (PBS). The cells
were centrifugated at 3000 rpm for 5 minutes and washed once with
ice-cold PBS. Then the cells were re-suspended in the Homogenize
Buffer Mix in an ice-cold Dounce homogenizer and were
homogenized 50 times. The homogenates were transferred to 1.5 ml
microcentrifuge tubes and centrifuged at 700 g for 10 minutes at 4°C.
The supernatants were transferred to new vials and centrifuged at
10,000 g for 30 min at 4°C to pellet total cellular membrane protein.
Plasma membrane proteins were purified from the total cellular
membrane protein with phase separation solutions and were
pelleted and dissolved in 0.5% Triton X-100, followed by
Western blot.

Statistical analysis

A two-tailed unpaired Student’s t-test or Mann-Whitney U test
was used to compare the two groups. Three or more groups were tested
with the one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. The Kaplan-Meier plot with log-rank (Mantel-Cox) test
was adopted to assess survival differences between groups. Grayscale or
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fluorescence intensity in image data was quantified with Image]J
(National Institutes of Health, USA). Statistical analyzes were
performed in GraphPad Prism 9 (GraphPad Software Inc., USA).
The RNA sequencing (RNAseq) data of healthy controls and septic
patients on the Gene Expression Omnibus (GEO) database (GSE46955)
was analyzed with an online GEO2R tool. The R scripts were got from
GEO2R with some modifications to download and save the data. A
two-tailed hypothesis test was used, and a p value less than 0.05 was
considered statistically significant.

Results

Expression of S1IPRs in macrophages in
resting and inflammatory state

We first checked the relative mRNA expression of SIPR1-5 in
BMDMs, and we found that BMDMs mainly expressed SIPRI,
S1PR2, and S1PR4 in the resting state (Figure 1A). Only the
expression of SIPR3 was upregulated in BMDMs after LPS
stimulation (Figures 1B-F). Next, we analyzed the expressions of
S1PR3 in monocytes of healthy volunteers and septic patients with the
online RNAseq data. Five S1PRs were detected in human monocytes
(Supplementary Figure 1). Human monocytes mainly expressed
S1PR1 and S1PR4. The analysis showed that only the mRNA
expression of SIPR3 was upregulated in human monocytes after
LPS stimulation (Supplementary Figure 1). In addition, compared

10.3389/fimmu.2023.1090202

with healthy controls, septic patients had higher mRNA levels of
S1PR3 in monocytes (Figure 1G).

Inhibition of S1IPR3 suppresses
ATP-induced NLRP3 inflammasome
activation in macrophages

To determine the effects of SIPRs on NLRP3 activation, S1PR1-
S1PR4 were inhibited with their respective antagonists during LPS
priming followed by ATP stimulation in BMDMs, and S1PR5 was
activated with its agonist during LPS priming because no
commercial antagonist of SIPR5 was available (Figure 2;
Supplementary Figure 2). Inhibition of S1PR3 significantly
reduced both caspase-1 cleavage and IL-1f maturation in LPS-
primed BMDMs after ATP stimulation (Figure 2A). Consistently,
the level of IL-1f in the supernatant of BMDMs treated with LPS
and the SIPR3 antagonist was lower than that of BMDMs treated
with LPS (Figure 2B). Inhibition of SIPR2 also partially suppressed
NLRP3 activation induced by ATP (Supplementary Figure 2B).
Responses of BMDMs to ATP remained intact when treated with
the SIPR1 antagonist or the S1PR4 antagonist (Supplementary
Figures 2A, C). Activation of SIPR5 did not further potentiate IL-
1B or caspase-1 activation in BMDMs after ATP stimulation
(Supplementary Figure 2D). These results suggest that NLRP3
inflammasome activation induced by ATP is mainly limited by
the suppression of SIPR3 signaling in BMDMs.
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FIGURE 1

The expression of sphingosine-1-phosphate receptors in BMDMs. (A) Relative mRNA expression of S1IPRs to GAPDH in BMDMs (n=7). (B-F) BMDMs were
treated with LPS (1ug/mL) or PBS for 4h. The mRNA expressions of S1PRs in BMDMs were measured by RT-gPCR (n=4). (G) The mRNA expression values
of S1IPR3 in monocytes from healthy controls stimulated with or without LPS, and from septic patients were analyzed with data from the GEO database
Data are presented as mean + SD. *p<0.05, **p < 0.01, ***p < 0.001, two-tailed t-test. NS, non-sense.
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Inhibition of SIPR3 suppresses NLRP3 inflammasome activation induced by ATP. (A, B) BMDMs were primed with LPS (1ug/mL) and treated with TY52156
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****p < 0.0001, one-way ANOVA.

Inhibition of S1IPR3 suppresses the LPS
priming signal in BMDMs

To understand the mechanism by which inhibition of SIPR3
suppressed NLRP3 inflammasome activation, we first examined the
roles of SIPR3 in LPS priming. The results show that inhibition of
S1PR3 during LPS priming downregulated mRNA expression of IL-
1B, IL-18, NLRP3 (Figure 3A), and protein levels of pro-IL-1B and
NLRP3 in BMDMs (Figure 3B). Inhibition of S1PR3 did not affect the
mRNA and protein expression of pro-caspase-1(Supplementary
Figure 3). These data suggest that inhibition of SIPR3 suppresses
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FIGURE 3

the expression of IL-1f and NLRP3 in macrophages during
LPS priming.

Inhibition of S1IPR3 suppresses ATP-induced
NLRP3 inflammasome activation via
potassium efflux

Next, we explored the roles of SIPR3 in NLRP3 activation in LPS-
primed BMDMs. Given that potassium efflux is a common upstream
of NLRP3 inflammasome induced by DAMPs including ATP (8), we
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MRNA expressions of IL-1B, IL-18, NLRP3, and caspase-1 were measured by RT-gPCR (A). The protein expression of pro-IL-1B and NLRP3 (B) were

measured by Western blot (n=3). Values are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t-test
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tested whether S1IPR3 can regulate potassium efflux induced by ATP.
We found that inhibition of SIPR3 significantly reduced potassium
efflux after ATP stimulation (Figure 4A). We further investigated the
effects of inhibition of SIPR3 in NLRP3 inflammasome activation by
nigericin, a bacterial potassium pore-forming toxin, which induces
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NLRP3 activation via directly mediating potassium efflux, and
imiquimod, which activates NLRP3 inflammasome independent of
potassium efflux (13). We found that inhibition of SIPR3 potentiated
NLRP3 inflammasome activation induced by nigericin, but did not
affect on that induced by imiquimod (Figures 4B-E). Furthermore, we
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Inhibition of S1IPR3 suppresses ATP-induced NLRP3 inflammasome activation via potassium efflux. (A) BMDMs were primed with LPS (1ug/mL) and
treated with TY52156 (10uM) or vehicle for 3.5h, followed by ATP (3mM) stimulation for 30 min. Representative intracellular potassium fluorescence
image of 5 fields from 3 independent experiments. Values are presented as mean + SD. ****p < 0.0001, two-tailed t-test. (B-E) BMDMs were primed with
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min. Pro-IL-1B, IL-1B p17, pro-caspase-1, and caspase-1 p20 in BMDMs were measured by Western blot (n= 4) (B). IL-1B in the supernatant was
measured by ELISA (n= 3) (C-E). Values are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed t-test
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found that inhibition of SIPR3 enhanced dsDNA-induced AIM2
inflammasome and salmonella infection-induced NLRC4
inflammasome activation, as indicated by enhanced caspase-1
cleavage (Supplementary Figures 4A, B). These results thus
demonstrate a specific role of SIPR3 signaling in ATP-induced
NLRP3 inflammasome activation by suppressing potassium efflux.

Inhibition of S1IPR3 suppresses ATP-induced
potassium efflux through TWIK2
membrane trafficking

The evidence has shown that TWIK2-mediated potassium efflux
is required for ATP-induced NLRP3 inflammasome activation (13).

10.3389/fimmu.2023.1090202

In macrophages, ATP binds to P2X7 receptors to activate NLRP3
inflammasome. Thus, we investigated the effect of SIPR3 on the
expression of TWIK2 and P2X7 receptors in macrophages. Inhibition
of SIPR3 did not affect the mRNA or protein expression of TWIK2 in
BMDMs primed with LPS (Figures 5A, B). The mRNA levels of P2X7
receptors in macrophages were slightly increased after LPS
stimulation, but the protein expression of P2X7 receptors was
unchanged (Supplementary Figures 5A, B). Recent evidence has
indicated that both TWIK2 and P2X7 receptors dynamically move
between the plasma membrane and cytosol (14-17). We found that
the expression of TWIK2 on the plasma membrane was induced by
ATP stimulation in LPS-primed BMDMs (Figure 5C). Meanwhile,
compared with the control BMDMs, less TWIK2 was expressed on
the plasma membrane of SIPR3-inhibited BMDMs (Figure 5C). The
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protein expression of P2X7 receptors on the plasma membrane was
unaffected by LPS, LPS plus ATP stimulation, or S1PR3 inhibition
(Supplementary Figure 5C). These results suggest that inhibition of
SIPR3 could suppress ATP-induced NLRP3 inflammasome
activation by limiting TWIK2 membrane trafficking.

Inhibition of S1PR3 increases mice mortality
in polymicrobial sepsis

Next, we examined the role of SIPR3 in sepsis with the S1PR3
antagonist, TY52156. Twenty-four hours after CLP, mice in the SIPR3
inhibition group had lower levels of cleaved IL-1f3 in the lungs, compared
with mice in the vehicle control group (Figure 6A). However, mice in the
S1PR3 inhibition group had higher wet/dry ratios and heavier bacterial
burdens in the lungs, livers, spleens, and blood than those in the vehicle
control group (Figures 6B-F). The survival rate of CLP mice was 11.11%
and 44.44% in the S1PR3 inhibition group and the vehicle control group
(p < 0.001) (Figure 6G), respectively.

Discussion

Activation of the inflammatory NLRP3 inflammasome is an
important mechanism by which macrophages combat invading

10.3389/fimmu.2023.1090202

pathogens in the early stages of sepsis. Our data suggested that
inhibition of SIPR3 suppressed the expression of NLRP3 and IL-1j3
during LPS priming and attenuated ATP-induced NLRP3
inflammasome activation by limiting TWIK2 membrane trafficking
and subsequent potassium efflux (Supplementary Figure 6).

ATP is a common NLRP3 stimulus that was released in large
quantities during sepsis, contributing to systemic inflammation and
secondary organ damage (18, 19). Thus, we first tested the effects of
S1PRs on NLRP3 inflaimmasome activation with ATP. Upon ATP
stimulation, inhibition of SIPR3 significantly attenuated NLRP3
activation in LPS-primed macrophages. Notably, our results showed
that inhibition of SIPR2 also partially hampered NLRP3 inflammasome
activation in macrophages. A possibility is that the SIPR family members
are functionally redundant. Indeed, it is reported that both SIPR2 and
S1PR3 can activate the receptor-bound G-proteins Ge;, Gogr and Geiz/13
(20, 21). Evidence for the functional redundancy of SIPR2 and SIPR3
has also been described in modulating macrophage behaviors, such as
motility in cholestatic liver injury (22), phenotype reprograming in
mycobacteria infection (23), and phagocytosis in lung infection (24).
Our results show that LPS stimulation only induced the expression of
SIPR3 in both BMDMs and human monocytes, and that inhibition of
SIPR3 attenuates NLRP3 inflammasome activation more efficiently than
inhibition of SIPR2 in BMDMs. Therefore, we speculate that S1IPR3
plays a major role in ATP-induced NLRP3 activation in macrophages
under inflammatory conditions.
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Inhibition of SIPR3 increases mortality and bacterial burden in sepsis. (A) Western blots of lung tissues from CLP mice treated with TY52156 or vehicle, and
sham surgery control treated with TY52156 or vehicle (n=3 in each group) Values are presented as mean + SD. ***p < 0.001, ****p < 0.0001, one-way
ANOVA. (B) Lung wet/dry ratio of mice undergone CLP and then treated with TY52156 (10mg/kg) or vehicle (n=7 in each group). Values are presented as
mean + SD. **p < 0.01, two-tailed t-test. (C-F) Bacterial burden in the lung (C), liver (D), spleen (E), and blood (F) of mice undergone CLP and then treated
with TY52156 (10mg/kg) or vehicle (n=7 in each group). Values are presented as the mean of log10 CFU + SD (C-F). *p < 0.05, **p < 0.01, ***p < 0.001,
Mann-Whitney test. (G) Kaplan Meier survival curves of mice undergone CLP or Sham surgery and then treated with TY52156 (10mg/kg) or vehicle (n=6 in

Sham groups, n=18 in CLP groups). ***p < 0.001, log-rank test. NS, non-sense.
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Potassium efflux is a main upstream event in NLRP3 inflammasome
activation induced by various stimuli including ATP (13, 25). Our results
indicate that inhibition of S1PR3 suppresses potassium efflux induced by
ATP. Notably, inhibition of SIPR3 enhanced NLRP3 activation induced
by nigericin, a potassium ionophore directly leading to potassium efflux
(26, 27), and inhibition of SIPR3 had no effects on NLRP3 activation
induced by imiquimod, which is independent of potassium efflux (28).
Besides, inhibition of S1PR3 also enhanced AIM2 or NLRC4
inflammasome activation. These results suggest that the effects of
SIPR3 on canonical inflammasome depend on the given stimulus and
that inhibition of SIPR3 has an exclusive role in ATP-induced NLRP3
inflammasome activation via potassium efflux. Since ATP plays an
essential role as an extracellular signaling molecule in the development
of sepsis and septic organ failure (6), we focused on the mechanism of
S1PR3 in ATP-induced NLRP3 inflammasome activation in our
research. The mechanisms underlying the effects of SIPR3 on NLRP3
inflammasome activation induced by other stimuli need
further investigation.

A recent study has identified TWIK2 as the potassium efflux
channel required for ATP-induced NLRP3 inflammasome activation
downstream of the ATP ligand, P2X7 receptors (13). However, the
mechanism by which ATP enhanced potassium efflux via TWIK2
remains elusive. Our work here adds to the knowledge that ATP can
stimulate potassium efflux by increasing the plasma membrane
trafficking of TWIK2 without affecting the expression of P2X7
receptors. We also find that inhibition of S1PR3 limited the
expression of TWIK2 on the cell membrane induced by ATP.
Experimental data from Madin-Darby canine kidney (MDCK) cells
show that exogenous expressed TWIK2 preferentially expresses in the
Lampl-positive lysosomal compartment, and functional relocates at
the plasma membrane when its lysosomal targeting C terminal
trafficking motifs are inactivated (17). Whether SIPR3 signaling
engages with ATP-induced TWIK2 membrane trafficking by
modulating this trafficking motif remains to be determined.

NLRP3 inflammasome activation is a double-edged sword in
bacterial infection. On the one hand, a large number of
inflammatory factors released after inflammasome activation can
cause tissue damage; on the other hand, inflammasome activation
and cell pyroptosis help to confine bacteria within macrophages, and
the release of IL-1P facilitates the recruitment of neutrophils to clear
bacteria (29). Previous studies have consistently demonstrated that
Nirp3 deficiency protects mice from lethal sepsis, which is associated
with lower levels of IL-1B (3, 4). In contrast, the benefit of Nirp3
deficiency in bacteria clearance in the septic mice remains
controversial, which was possibly due to variations in experimental
protocols (3, 4, 30, 31). Recent data has indicated that maintaining a
certain amount of IL-1P prevented mice from death after sepsis in the
long term (32). Clinical data shows that septic patients present an
early impairment of the NLRP3 inflammasome is associated with a
higher late-death rate (33). In our study, the antagonist of SIPR3 was
used to investigate the effects of SIPR3 inhibition on CLP-induced
septic mice. The dose of TY52156 we used, 10mg/kg, is also widely
used in previously published studies (34, 35). In our results, this dose
of TY52156 did not lead to the death of mice in the sham surgery
group, which demonstrates that no significant toxicity of TY52156 is
shown with this dose. Though inhibition of SIPR3 suppressed IL-1
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activation in the lungs of septic mice, it also led to higher mortality
and bacterial burdens, which were consistence with the results
reported by Hou et al. in SI1pr3”" mice. Hou et al. have also
reported that SIPR3 had a critical role in the bactericidal activity of
macrophages (36). Compared with the healthy controls, the SIPR3
mRNA levels were higher in ICU controls and septic patients than
that in healthy controls (36). However, the SIPR3 mRNA levels were
negatively associated with the Sequential Organ Failure Assessment
scores of the septic patients, and it was lower in septic non-survivors
than that in septic survivors (36). Concerning the role of SIPR3 in
promoting the bactericidal activity of macrophages, inhibition of
S1PR3 can hamper both inflammation response and bacteria
clearance, leading to poor outcomes.

Conclusions

In conclusion, we report that suppression of SIPR3 has a specific
inhibitory role in ATP-induced NLRP3 inflammasome activation in
macrophages. Mechanically, inhibition of SIPR3 suppresses the
expression of IL-18 and NLRP3 during LPS priming and attenuates
NLRP3 inflammasome activation induced by ATP via
downregulating membrane expression of TWIK2 and potassium
efflux. Although inhibition of SIPR3 decreases IL-1J3 maturation in
the lungs, it increases bacterial load and mortality of CLP mice.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE46955. Gene Expression Omnibus database (GSE46955).

Ethics statement

The animal study was reviewed and approved by Zhongshan
Hospital, Fudan University.

Author contributions

Study conception and design: MZ, JC. In vivo experiment: YW,
CW. In vitro experiment: YW. Collection and assembly of data, YW,
CW, GG, JY. Data analysis and interpretation: YW, CW. Manuscript
writing: YW. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (grant number 81971807), the Science and
Technology Commission of Shanghai Municipality (grant number
20XD1420800), and the Science and Technology Commission of
Shanghai Municipality (grant number 20DZ2261200).

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46955
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46955
https://doi.org/10.3389/fimmu.2023.1090202
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,
regional, and national incidence, prevalence, and years lived with disability for 354
diseases and injuries for 195 countries and territories, 1990-2017: A systematic analysis
for the global burden of disease study 2017. Lancet (2018) 392(10159):1789-858.
doi: 10.1016/s0140-6736(18)32279-7

2. van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The immunopathology
of sepsis and potential therapeutic targets. Nat Rev Immunol (2017) 17(7):407-20.
doi: 10.1038/nri.2017.36

3. Jin L, Batra S, Jeyaseelan S. Deletion of Nlrp3 augments survival during
polymicrobial sepsis by decreasing autophagy and enhancing phagocytosis. J Immunol
(Baltimore Md 1950) (2017) 198(3):1253-62. doi: 10.4049/jimmunol.1601745

4. Lee S, Nakahira K, Dalli J, Siempos II, Norris PC, Colas RA, et al. Nlrp3
inflammasome deficiency protects against microbial sepsis Via increased lipoxin B4
synthesis. Am ] Respir Crit Care Med (2017) 196(6):713-26. doi: 10.1164/rccm.201604-
08920C

5. Swanson KV, Deng M, Ting JP. The Nlrp3 inflammasome: Molecular activation and
regulation to therapeutics. Nat Rev Immunol (2019) 19(8):477-89. doi: 10.1038/s41577-
019-0165-0

6. Ledderose C, Bao Y, Kondo Y, Fakhari M, Slubowski C, Zhang J, et al. Purinergic
signaling and the immune response in sepsis: A review. Clin Ther (2016) 38(5):1054-65.
doi: 10.1016/j.clinthera.2016.04.002

7. Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J. Activation of the
Nalp3 inflammasome is triggered by low intracellular potassium concentration. Cell
Death Differ (2007) 14(9):1583-9. doi: 10.1038/sj.cdd.4402195

8. Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM, Nunez G.
K(+) efflux is the common trigger of Nlrp3 inflammasome activation by bacterial toxins
and particulate matter. Immunity (2013) 38(6):1142-53. doi: 10.1016/
jimmuni.2013.05.016

9. Maceyka M, Spiegel S. Sphingolipid metabolites in inflammatory disease. Nature
(2014) 510(7503):58-67. doi: 10.1038/naturel3475

10. Weigert A, Olesch C, Brune B. Sphingosine-1-Phosphate and macrophage biology-
how the sphinx tames the big eater. Front Immunol (2019) 10:1706. doi: 10.3389/
fimmu.2019.01706

11. Zhong M, Wu W, Wang Y, Mao H, Song ], Chen S, et al. Inhibition of sphingosine
kinase 1 attenuates sepsis-induced microvascular leakage Via inhibiting macrophage
NIrp3 inflammasome activation in mice. Anesthesiology (2020) 132(6):1503-15.
doi: 10.1097/ALN.0000000000003192

12. Lee CH, Choi JW. S1P/S1P2 signaling axis regulates both Nlrp3 upregulation and
Nlrp3 inflammasome activation in macrophages primed with lipopolysaccharide.
Antioxid (Basel) (2021) 10(11):1706. doi: 10.3390/antiox10111706

13. Di A, Xiong S, Ye Z, Malireddi RKS, Kometani S, Zhong M, et al. The Twik2
potassium efflux channel in macrophages mediates Nlrp3 inflammasome-induced
inflammation. Immunity (2018) 49(1):56-65.e4. doi: 10.1016/j.immuni.2018.04.032

14. Wiley JS, Dao-Ung LP, Li C, Shemon AN, Gu BJ, Smart ML, et al. An ile-568 to asn
polymorphism prevents normal trafficking and function of the human P2x7 receptor. J
Biol Chem (2003) 278(19):17108-13. doi: 10.1074/jbc.M212759200

15. Denlinger LC, Sommer JA, Parker K, Gudipaty L, Fisette PL, Watters JW, et al.
Mutation of a dibasic amino acid motif within the ¢ terminus of the P2x7 nucleotide
receptor results in trafficking defects and impaired function. J Immunol (Baltimore Md
1950) (2003) 171(3):1304-11. doi: 10.4049/jimmunol.171.3.1304

16. Feliciangeli S, Tardy MP, Sandoz G, Chatelain FC, Warth R, Barhanin J, et al.
Potassium channel silencing by constitutive endocytosis and intracellular sequestration. J
Biol Chem (2010) 285(7):4798-805. doi: 10.1074/jbc.M109.078535

17. Bobak N, Feliciangeli S, Chen CC, Ben Soussia I, Bittner S, Pagnotta S, et al.
Recombinant tandem of pore-domains in a weakly inward rectifying k(+) channel 2 (Twik2)
forms active lysosomal channels. Sci Rep (2017) 7(1):649. doi: 10.1038/s41598-017-00640-8

Frontiers in Immunology

53

10.3389/fimmu.2023.1090202

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090202/
full#supplementary-material

18. Martin C, Leone M, Viviand X, Ayem ML, Guieu R. High adenosine plasma
concentration as a prognostic index for outcome in patients with septic shock. Crit Care
Med (2000) 28(9):3198-202. doi: 10.1097/00003246-200009000-00014

19. Sumi Y, Woehrle T, Chen Y, Bao Y, Li X, Yao Y, et al. Plasma atp is required for
neutrophil activation in a mouse sepsis model. Shock (2014) 42(2):142-7. doi: 10.1097/
shk.0000000000000180

20. Cartier A, Leigh T, Liu CH, Hla T. Endothelial sphingosine 1-phosphate receptors
promote vascular normalization and antitumor therapy. Proc Natl Acad Sci United States
America (2020) 117(6):3157-66. doi: 10.1073/pnas.1906246117

21. Kono M, Mi Y, Liu Y, Sasaki T, Allende ML, Wu YP, et al. The sphingosine-1-
Phosphate receptors Slpl, S1p2, and Slp3 function coordinately during embryonic
angiogenesis. | Biol Chem (2004) 279(28):29367-73. doi: 10.1074/jbc.M403937200

22. Yang L, Han Z, Tian L, Mai P, Zhang Y, Wang L, et al. Sphingosine 1-phosphate
receptor 2 and 3 mediate bone marrow-derived Monocyte/Macrophage motility in
cholestatic liver injury in mice. Sci Rep (2015) 5:13423. doi: 10.1038/srep13423

23. Arish M, Naz F. Sphingosine-1-Phosphate receptors 2 and 3 reprogram resting
human macrophages into M1 phenotype following mycobacteria infection. Curr Res
Immunol (2022) 3:110-7. doi: 10.1016/j.crimmu.2022.05.004

24. Arish M, Husein A, Ali R, Tabrez S, Naz F, Ahmad MZ, et al. Sphingosine-1-
Phosphate signaling in leishmania donovani infection in macrophages. PloS Negl Trop Dis
(2018) 12(8):e0006647. doi: 10.1371/journal.pntd.0006647

25. Ousingsawat J, Wanitchakool P, Kmit A, Romao AM, Jantarajit W, Schreiber R,
et al. Anoctamin 6 mediates effects essential for innate immunity downstream of P2x7
receptors in macrophages. Nat Commun (2015) 6:6245. doi: 10.1038/ncomms7245

26. Perregaux D, Barberia J, Lanzetti AJ, Geoghegan KF, Carty TJ, Gabel CA. II-1 beta
maturation: Evidence that mature cytokine formation can be induced specifically by
nigericin. J Immunol (Baltimore Md 1950) (1992) 149(4):1294-303. doi: 10.4049/
jimmunol.149.4.1294

27. Mariathasan S, Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma M,
et al. Cryopyrin activates the inflammasome in response to toxins and atp. Nature (2006)
440(7081):228-32. doi: 10.1038/nature04515

28. Gross CJ, Mishra R, Schneider KS, Medard G, Wettmarshausen J, Dittlein DC,
et al. K(+) efflux-independent Nlrp3 inflammasome activation by small molecules
targeting mitochondria. Immunity (2016) 45(4):761-73. doi: 10.1016/
jimmuni.2016.08.010

29. Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, et al. Caspase-1-
Induced pyroptosis is an innate immune effector mechanism against intracellular bacteria.
Nat Immunol (2010) 11(12):1136-42. doi: 10.1038/ni.1960

30. Dikshit N, Kale SD, Khameneh HJ, Balamuralidhar V, Tang CY, Kumar P, et al.
Nlrp3 inflammasome pathway has a critical role in the host immunity against clinically
relevant acinetobacter baumannii pulmonary infection. Mucosal Immunol (2018) 11
(1):257-72. doi: 10.1038/mi.2017.50

31. Zhong Y, Lu Y, Yang X, Tang Y, Zhao K, Yuan C, et al. The roles of Nlrp3
inflammasome in bacterial infection. Mol Immunol (2020) 122:80-8. doi: 10.1016/
j.molimm.2020.03.020

32. Guo HL, Shi FD, Zhou Q, Liu QY, Wang YX, Song Y, et al. Interleukin-1beta
protection against experimental sepsis in mice. Inflammation (2021) 44(1):358-70.
doi: 10.1007/s10753-020-01341-7

33. Martinez-Garcia JJ, Martinez-Banaclocha H, Angosto-Bazarra D, de Torre-
Minguela C, Baroja-Mazo A, Alarcon-Vila C, et al. P2x7 receptor induces
mitochondrial failure in monocytes and compromises Nlrp3 inflammasome activation
during sepsis. Nat Commun (2019) 10(1):2711. doi: 10.1038/541467-019-10626-x

34. Zhao J, Liu ], Lee JF, Zhang W, Kandouz M, VanHecke GC, et al. Tgf-B/Smad3
pathway stimulates sphingosine-1 phosphate receptor 3 expression: Implication of
sphingosine-1 phosphate receptor 3 in lung adenocarcinoma progression. J Biol Chem
(2016) 291(53):27343-53. doi: 10.1074/jbc.M116.740084

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090202/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1090202/full#supplementary-material
https://doi.org/10.1016/s0140-6736(18)32279-7
https://doi.org/10.1038/nri.2017.36
https://doi.org/10.4049/jimmunol.1601745
https://doi.org/10.1164/rccm.201604-0892OC
https://doi.org/10.1164/rccm.201604-0892OC
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1016/j.clinthera.2016.04.002
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1038/nature13475
https://doi.org/10.3389/fimmu.2019.01706
https://doi.org/10.3389/fimmu.2019.01706
https://doi.org/10.1097/ALN.0000000000003192
https://doi.org/10.3390/antiox10111706
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.1074/jbc.M212759200
https://doi.org/10.4049/jimmunol.171.3.1304
https://doi.org/10.1074/jbc.M109.078535
https://doi.org/10.1038/s41598-017-00640-8
https://doi.org/10.1097/00003246-200009000-00014
https://doi.org/10.1097/shk.0000000000000180
https://doi.org/10.1097/shk.0000000000000180
https://doi.org/10.1073/pnas.1906246117
https://doi.org/10.1074/jbc.M403937200
https://doi.org/10.1038/srep13423
https://doi.org/10.1016/j.crimmu.2022.05.004
https://doi.org/10.1371/journal.pntd.0006647
https://doi.org/10.1038/ncomms7245
https://doi.org/10.4049/jimmunol.149.4.1294
https://doi.org/10.4049/jimmunol.149.4.1294
https://doi.org/10.1038/nature04515
https://doi.org/10.1016/j.immuni.2016.08.010
https://doi.org/10.1016/j.immuni.2016.08.010
https://doi.org/10.1038/ni.1960
https://doi.org/10.1038/mi.2017.50
https://doi.org/10.1016/j.molimm.2020.03.020
https://doi.org/10.1016/j.molimm.2020.03.020
https://doi.org/10.1007/s10753-020-01341-7
https://doi.org/10.1038/s41467-019-10626-x
https://doi.org/10.1074/jbc.M116.740084
https://doi.org/10.3389/fimmu.2023.1090202
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al. 10.3389/fimmu.2023.1090202

35. Gril B, Paranjape AN, Woditschka S, Hua E, Dolan EL, Hanson J, et al. Reactive 36. Hou J, Chen Q, Wu X, Zhao D, Reuveni H, Licht T, et al. S1pr3 signaling drives
astrocytic S1p3 signaling modulates the blood-tumor barrier in brain metastases. Nat bacterial killing and is required for survival in bacterial sepsis. Am ] Respir Crit Care Med
Commun (2018) 9(1):2705. doi: 10.1038/s41467-018-05030-w (2017) 196(12):1559-70. doi: 10.1164/rccm.201701-02410C

54

Frontiers in Immunology frontiersin.org


https://doi.org/10.1038/s41467-018-05030-w
https://doi.org/10.1164/rccm.201701-0241OC
https://doi.org/10.3389/fimmu.2023.1090202
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Immunology TYPE Review

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Yufeng Zhou,
Fudan University, China

REVIEWED BY
Nevena Arsenovic-Ranin,

University of Belgrade, Serbia

Vladimir M. Pisarev,

Federal Research and Clinical Center of
Intensive Care Medicine and Rehabilitation,
Russia

*CORRESPONDENCE
Ila Joshi
ila joshi@partnertx.com

These authors have contributed equally to
this work

SPECIALTY SECTION
This article was submitted to
Inflammation,

a section of the journal
Frontiers in Immunology

RECEIVED 23 December 2022
ACCEPTED 16 January 2023
PUBLISHED O7 February 2023

CITATION

Joshi |, Carney WP and Rock EP (2023)
Utility of monocyte HLA-DR and rationale
for therapeutic GM-CSF in sepsis
immunoparalysis.

Front. Immunol. 14:1130214.

doi: 10.3389/fimmu.2023.1130214

COPYRIGHT

© 2023 Joshi, Carney and Rock. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

PUBLISHED 07 February 2023
po110.3389/fimmu.2023.1130214

Utility of monocyte HLA-DR and
rationale for therapeutic GM-CSF
INn sepsis iImmunoparalysis

lla Joshi™!, Walter P. Carney?' and Edwin P. Rock™

‘Development and Regulatory Department, Partner Therapeutics, Inc., Lexington, MA, United States,
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Sepsis, a heterogeneous clinical syndrome, features a systemic inflammatory
response to tissue injury or infection, followed by a state of reduced immune
responsiveness. Measurable alterations occur in both the innate and adaptive
immune systems. Immunoparalysis, an immunosuppressed state, associates with
worsened outcomes, including multiple organ dysfunction syndrome, secondary
infections, and increased mortality. Multiple immune markers to identify sepsis
immunoparalysis have been proposed, and some might offer clinical utility. Sepsis
immunoparalysis is characterized by reduced lymphocyte numbers and
downregulation of class Il human leukocyte antigens (HLA) on innate immune
monocytes. Class Il HLA proteins present peptide antigens for recognition by and
activation of antigen-specific T lymphocytes. One monocyte class Il protein,
mHLA-DR, can be measured by flow cytometry. Downregulated mHLA-DR
indicates reduced monocyte responsiveness, as measured by ex-vivo cytokine
production in response to endotoxin stimulation. Our literature survey reveals low
mHLA-DR expression on peripheral blood monocytes correlates with increased
risks for infection and death. For mHLA-DR, 15,000 antibodies/cell appears
clinically acceptable as the lower limit of immunocompetence. Values less than
15,000 antibodies/cell are correlated with sepsis severity; and values at or less than
8000 antibodies/cell are identified as severe immunoparalysis. Several
experimental immunotherapies have been evaluated for reversal of sepsis
immunoparalysis. In particular, sargramostim, a recombinant human
granulocyte-macrophage colony-stimulating factor (rhu GM-CSF), has
demonstrated clinical benefit by reducing hospitalization duration and lowering
secondary infection risk. Lowered infection risk correlates with increased mHLA-
DR expression on peripheral blood monocytes in these patients. Although mHLA-
DR has shown promising utility for identifying sepsis immunoparalysis, absence of
a standardized, analytically validated method has thus far prevented widespread
adoption. A clinically useful approach for patient inclusion and identification of
clinically correlated output parameters could address the persistent high unmet
medical need for effective targeted therapies in sepsis.

KEYWORDS

sepsis, immunoparalysis, immunosuppression, granulocyte-macrophage colony-
stimulating factor, human leukocyte antigen-DR, monocytes, compensatory anti-
inflammatory response syndrome, sargramostim
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Introduction

Sepsis, a heterogeneous clinical syndrome, reflects a
pathophysiologic state of robust systemic inflammatory response,
typically to infection (1-4). This inflammatory response leads to
biochemical and physiologic abnormalities that in some patients
progress to multiple organ dysfunction syndrome (MODS) and
death. Sepsis outcomes have improved over time with advances in
antibiotic therapy, fluid/pressor therapy, and dysfunctional organ
support. Although most patients recover, sepsis remains a primary
cause of intensive care unit (ICU) deaths with mortality at about 26%
(1, 5, 6). In the United States (US), an estimated 1.7 million adult
sepsis cases are diagnosed annually, leading to more than 350,000
deaths each year (7). Globally, 49 million sepsis cases in 2017 led to 11
million deaths (8). Incidence is highest in the elderly and very young.
With high morbidity, mortality, and associated costs, sepsis remains a
serious, life-threatening disease with persistent high unmet medical
need (9).

Clinical sepsis typically presents with fever, low blood pressure,
elevated heart rate, and elevated white cell count (3, 10, 11). While
these signs are non-specific, they result from systemic innate immune
cell activation due to infectious agents (bacterial, viral, or fungal) or
noninfectious etiologies, such as: trauma; burns; surgery; pancreatitis;
and cardiac, kidney, or liver injury (1, 4). Regardless of underlying
cause, sepsis progression can lead to shock, organ dysfunction, and
death (3, 12, 13). In this setting, a constellation of findings support
diagnosis, including: clinical, lab, radiologic, physiologic, and
microbiologic data (10, 11). Nonetheless, knowledge around sepsis
and septic shock continues to advance as we learn more about
immunological interactions of innate and adaptive immune
responses to infection (10, 11, 14-17).

Over recent decades, molecular and cellular studies have sought to
categorize sepsis into endotypes that stratify patient risk and identify
therapeutic options (18). While antimicrobial therapy is
recommended for all patients with sepsis, level of supportive care
varies for those with mild vs severe sepsis (19-21). For patients with
mild sepsis, fluid therapy, metabolic support, and corticosteroids may
be sufficient. In severe sepsis, organ dysfunction necessitates
additional supportive care, such as ventilation, vasopressors, and
blood product transfusions. Identification of patient subsets might
enable effective targeting of new therapies, either to inhibit a disease
driver or to correct a deficiency (22). Similarly, selection of patients
with elevated risk based on host characteristics or responses might
enable targeting study therapies to those in greatest need (23). Despite
progress in identifying sepsis endotypes, challenges persist in their
clinical validation, as well as their implementation to improve
outcomes (24, 25).

Sepsis immunoparalysis

One prominent model of sepsis pathophysiology describes 2
opposing states of immune dysregulation (26). In this model, a
systemic inflammatory response syndrome (SIRS) induces a
subsequent compensatory anti-inflammatory response syndrome
(CARS). CARS is associated with an increased risk for secondary
infections, shock, and organ dysfunction and increased mortality
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(1, 3, 27). While CARS is clinically occult, hyporesponsive innate and
adaptive immune cells have been identified (3, 4, 28).

Severe CARS is also known as immunoparalysis (IP) (3, 26).
Sepsis IP has been described to feature dysfunctional monocytes,
immune cell depletion, and emergence of regulatory T cells (1, 29, 30).
Also, sepsis IP associates with MODS, nosocomial infections, longer
ICU hospitalization, and increased mortality (3, 4, 26, 29, 31-33).
Notably, MODS comprises impaired function in multiple visceral
organs and is associated with high mortality (34).

Despite potential validity and utility of markers for sepsis IP, such
as human leukocyte antigen-DR (HLA-DR), tumor necrosis factor
(TNF)-0, or absolute lymphocyte counts (ALC), the CARS paradigm
faces 2 fundamental challenges (3, 4, 28, 35). First, compensatory
molecular or cellular anti-inflammatory mechanisms by which
immune cells become hyporesponsive in CARS remain undefined.
Second, no diagnostic criteria exist to identify CARS. Rather, tests for
immunosuppression/IP focus on immune cell dysfunction alone,
independently of causation (35).

We propose here a biologic model of sepsis IP. This model
combines recent observations in myeloid cell biology with key
features of sepsis immunology (3, 26, 31). In addition, it provides
rationale for therapeutic use of sargramostim (Leukine®), a yeast-
derived, glycosylated recombinant human (rhu) granulocyte-
macrophage colony-stimulating factor (GM-CSF).

Proposed mechanism of sepsis IP

Mononuclear phagocytes (MNPs) include circulating blood
monocytes, dispersed tissue-bound macrophages, and dendritic cells
(DCs) that may be either circulating or tissue-bound (36). While
macrophages may live for years, blood monocytes have a circulating
half-life of only 2 to 3 days (36, 37). Also, while circulating monocytes
can replace tissue-resident macrophages, turnover rate varies by
organ system. Turnover is higher in barrier organs—for example,
gut and dermis—than in other organs, such as heart, pancreas, liver,
and central nervous system. Replacement may be hastened in any
organ by a local inflammatory process that leads to monocyte influx.

Innate immune responses act rapidly as a first line of defense
against invasive, infectious pathogens (1). Initially, neutrophils and
monocytes recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs).
These interactions induce MNPs to release multiple cytokines, such
as TNF-o, interleukin (IL)-1, and IL-6, that attract and activate other
immune cells (1, 4). While neutrophils primarily kill microbes, MNPs
kill microbes and, in addition, present their unique antigenic content
to the adaptive immune system (4, 38).

MNPs link innate and adaptive immune systems by their ability to
adopt either pro- or anti-inflammatory functions (4, 39). Pro-
inflammatory functions eliminate infectious or injurious stimuli
and activate antigen-specific helper T lymphocytes, whereas anti-
inflammatory functions maintain homeostasis, conduct efferocytosis,
and thereby control autoimmunity. Critically, MNPs express class I
major histocompatibility complex (MHC) proteins that activate
antigen-specific helper T lymphocytes and secrete cytokines to
nourish and/or activate diverse cell types (Figure 1). More
numerous neutrophils by contrast are primarily pro-inflammatory,
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Monocytes and HLA-DR function during sepsis. (Normal/Healthy; left) (1) Innate immune cells respond to infectious pathogens by phagocytosis,
cytokine secretion, and antigen presentation (1, 4). (2) Phagocytosed pathogens are broken down, then combined as peptides with class Il major
histocompatibility complex (MHC) (e.g., human leukocyte antigen-DR isotype [HLA-DRI], and localized to the cell surface) (4, 40). (3) Peptide-MHC
complexes on antigen presenting cells engage with CD4+ helper T cells to activate an adaptive immune response, triggering cytokine release (4, 40). (4)
Activated CD4+ T helper cells undergo clonal expansion, activate CD8+ T cells, and mediate B cell activation (1, 26, 41). Activated B cells then
differentiate into plasma cells that secrete antibodies, comprising a humoral response. (Sepsis IP; right) (1) Dysfunctional monocytes/macrophages
demonstrate reduced pathogen phagocytosis, reduced antigen presentation, and variable cytokine profiles (4). (2) Dysfunctional monocytes/
macrophages express less antigen-bound HLA-DR proteins, leading to reduced engagement with the adaptive immune system (4). (3) Without effective
antigen presentation by monocytes/macrophages, CD4+ T cells are not activated, and adaptive immune responses are rendered ineffective in clearing
pathogens (1). (4) Naive B cells are not activated by CD4+ T cells, and antibody producing plasma cells are not generated. With an inadequate humoral
immune response, pathogens survive and replicate (1, 42). (5) Recombinant human (rhu) granulocyte-macrophage colony-stimulating factor (GM-CSF)
may restore monocyte/macrophage function (4). DAMP, damage-associated molecular patterns; GM-CSF, granulocyte-macrophage colony-stimulating

10.3389/fimmu.2023.1130214

factor; HLA-DR, human leukocyte antigen-DR isotype; IFN, interferon; IL, interleukin; IP, immunoparalysis; PAMP, pathogen-associated molecular
patterns; MHC I, class Il major histocompatibility complex; rhu, recombinant human; TNF, tumor necrosis factor.

live only for days after a 6- to 12-hour circulating half-life, and do not
characteristically present foreign antigens to adaptive immune
lymphocytes (43).

The adaptive immune system comprises antigen-specific T
lymphocytes that are cytotoxic, or are responsible for self-tolerance
(T regulatory cells) as well as antibody-producing plasma cells that
result from B cell differentiation (1, 3). Although initially slower to
respond than the innate immune system, the adaptive immune system
drives antigen-specific recognition and generates immunologic
memory. Immunologic memory generates faster, stronger repeat
immune responses against previously encountered antigens.

In sepsis, both innate and adaptive arms of the human immune
system are altered (1). In addition, multiple cytokine levels are elevated,
including GM-CSF. These cytokines drive proliferation of circulating
innate immune cells, including neutrophils, monocytes, and
eosinophils, by signaling through specific cell surface receptors (44,
45). For example, high affinity GM-CSF receptors are found principally
on myeloid cells, including neutrophils, MNPs, and eosinophils.

Numerous cytokines, including GM-CSF, have pleiotropic effects
that vary depending on local cytokine concentrations in the vicinity of
specific cell surface receptors (44, 46-48). GM-CSF pleiotropism relies
on higher order extracellular assembly of heterodimeric receptor
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chains, as well as 4 distinct intracellular signaling pathways,
including: mitogen activated protein kinase (MAPK); nuclear factor
kappa-B cells (NFxB); phosphoinositide 3-kinase (PI3K); and signal
transducer and activator of transcription 5 (STATS5). Such diversity
explains GM-CSF’s capacity to generate survival, differentiation,
activation, and/or proliferation signals, depending on cytokine
concentration at the receptor level, as well as other local stimuli. At
low GM-CSF concentrations, PI3K signaling leads to survival, whereas
at high concentrations, PI3K, MAPK, and STATS5 signaling lead to
survival and cell proliferation (47, 48). Correspondingly, both ligand
and dose-specific effects on NFkB signaling have been described in
primary macrophages (49, 50), and such effects have been observed to
influence epigenomic programming (51).

Recently, GM-CSF effects on MNP metabolism were revealed in
mouse models with disrupted GM-CSF signaling (52). These models
demonstrated a critical role of GM-CSF in maintaining mitochondrial
structure and function, as well as fatty acid beta oxidation,
tricarboxylic acid cycle activity, oxidative phosphorylation, and
adenosine triphosphate (ATP) generation. These effects of GM-CSF
on metabolic capacity enable MNPs to fulfill energy-intensive innate
immune functions, including: respiratory burst generation,
phagocytosis, antigen presentation, cytokine secretion, and
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efferocytosis (52-54). All these functions rely on metabolic energy
and fail in its absence. By extension, metabolic capacity in tissue-
bound macrophages throughout the body may be maintained by
ongoing low-level and/or pulsatile GM-CSF expression. This activity
aligns with known ongoing low-level yet plastic GM-CSF expression
by diverse cell types, including endothelial, epithelial, and immune
cells, as well as fibroblasts (2, 55).

We hypothesize that myeloid proliferation driven by high cytokine
levels in sepsis leads to cell division that outpaces time and/or GM-CSF
stimulation needed for maturation of cellular metabolic capacity. Thus,
sustained high inflammatory cytokine secretion may counterintuitively
result in degradation of metabolic capacity of newly formed MNPs to
fulfill immune functions. Consequently, immature MNPs with
insufficient metabolic capacity to support normal innate immune
functions appear “immunosuppressive.” In support of this model,
GM-CSF reverses monocyte hyporesponsiveness in multiple in-vitro
systems (56-60). Multiple reports support that GM-CSF increases
blood monocyte levels, upregulates monocyte responsiveness, and
increases HLA-DR expression, which is known to enhance antigen
presentation and adaptive immune responses (48, 54, 61, 62).

Immune biomarkers in sepsis IP

Numerous immune biomarkers have been assessed to seek
prognostic and/or predictive markers for patient stratification and
therapy in sepsis (12). Methods studied include: neutrophil
respiratory burst in response to pathogen exposure; lymphocyte
and monocyte counts; neutrophil-to-lymphocyte and monocyte-to-
lymphocyte ratios; monocyte programmed death-ligand 1 (PD-L1)
expression; IL-10; and transcriptomics, among others (26, 63-67).
Most such methods have not been widely adopted due to challenges in
analytic validity, clinical validity, and/or clinical utility. Methods with
evidence of clinical validity include HLA-DR quantitation of blood
monocytes, TNF-o. release from peripheral blood cells after ex-vivo
lipopolysaccharide (LPS) stimulation, and ALC (29, 30). Biological
rationale, validation challenges, and clinical data for each of these 3
markers are summarized below.

Blood monocyte HLA-DR expression

The polymorphic MHC gene family in humans is on
chromosome 6 and encodes multiple class II MHC proteins,
including HLA-DP, HLA-DQ, and HLA-DR (68). Historically,
these proteins were recognized as transplantation antigens, serving
as targets for immune rejection of transplanted tissue. During
infection, MNPs phagocytose pathogens that are then digested to
yield foreign peptides that combine intracellularly with class II MHC
proteins, such as HLA-DR (4, 69). Normally, monocytes and
macrophages express HLA-DR levels ranging from 15,000
antibodies bound per cell (Ab/c) to as high as 60,000 Ab/c (70, 71);
and a commonly used lower limit of HLA-DR in healthy subjects is
15,000 Ab/c (33, 72, 73). The large spread in the reported HLA-DR
levels is most likely explained by biologic variability, as well as
differences in assay reagents and flow cytometry methods used over
years to quantitate HLA-DR expression levels (74-77). Peptide-MHC
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complexes are transported to the cell surface where they mediate
antigen-specific recognition by CD4+ helper T lymphocytes. Once
activated by peptide-MHC recognition, CD4+ T lymphocytes boost
adaptive immune responses by activating other T and B lymphocytes
that can recognize and target the invading pathogen (3, 4, 26).
Because HLA-DR functions as the bridge between innate MNPs
and antigen-specific T lymphocytes, low HLA-DR levels lead to
diminished antigen presentation and reduced adaptive immune
activation (4, 78). When HLA-DR is low, CD4+ T lymphocytes are
not activated, hence cannot augment either B-cell stimulation to
produce specific antibodies or CD8+ cytotoxic T lymphocyte
generation to target infected cells directly (3, 4).

Despite HLA protein diversity, common determinants recognized
by monoclonal antibodies enable flow cytometric quantitation of
surface class II MHC expression level on blood cells (4, 40, 76).
Although flow cytometry enables monocyte HLA-DR (mHLA-DR)
quantitation, other cells expressing HLA-DR are also detected,
including DCs, macrophages, B cells, and T cells (4, 30, 76, 79-82).
Thus, to generate mHLA-DR specificity, cells are also stained for
CD14 (also known as the LPS receptor), of which, expression is
restricted to monocytes. Combined CD14 and HLA-DR staining
enables quantitation of CD14+ classical and intermediate
monocytes, the most abundant and rapidly replenished populations
in blood. Results are typically reported either as percent of CD14+
monocytes expressing HLA-DR or as mean fluorescence intensity
(MFI) of antibody against HLA-DR on CD14+ monocytes (77, 83).

HLA-DR downregulation and reduced monocyte responsiveness
are described features of sepsis IP (4, 26). As detailed in Table 1, low
HLA-DR correlates with adverse clinical outcomes, including
increased risk for nosocomial infections, end-organ failure, longer
ICU hospitalizations, and mortality (30, 33, 75, 84-89, 91-93).

Inter-laboratory variability initially posed a challenge to analytic
validity of HLA-DR testing to identify sepsis IP (4). Now, a system
offering standardized quantitative measurement of cell surface HLA-
DR proteins (QuantibriteTM; Becton, Dickinson and Company [BD])
is available. Developed in 2001, QuantibriteTM beads allow estimation
of Ab/c, enabling monocyte cell surface HLA-DR protein quantitation
to stratify patients based on mHLA-DR levels (79, 94-96). This assay
uses phycoerythrin (PE)-labeled anti-HLA-DR monoclonal
antibodies for estimating Ab/c (97). Geometric MFI values can be
analyzed further to calculate numbers of Ab/c, which represents
numbers of HLA-DR proteins on the monocyte surface (96, 97).
Using standard instrument settings, flow cytometry data are
converted into number of PE molecules per cell. Based on a known
ratio of PE to antibodies against HLA-DR, Ab/c can be calculated,
hence quantitating HLA-DR protein on CD14+ monocytes. With
Quantibrite' ", moderate immunosuppression is defined as about
10,000-15,000 Ab/c (74, 79). In several studies, a cut-off value of
8000 Ab/c was used to indicate IP. HLA-DR levels below 8000 Ab/c
indicate more severe sepsis IP (4, 79). In some studies, 30% CD14+/
HLA-DR+ cells corresponded to 5000 Ab/c for severe IP, whereas
45% CD14+/HLA-DR+ cells corresponded to about 8000 Ab/c for
moderate IP (4, 79). Numerous studies have employed QuantibriteTM
to measure HLA-DR-defined IP (26, 33, 70, 73-75, 77, 88, 90,
98-101).

Multiple literature analyses support mHLA-DR expression by
flow cytometry as a sepsis IP biomarker and mortality predictor (80).
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TABLE 1 Studies connecting monocyte HLA-DR to clinical outcomes.

Study

Condition

Monocyte
Function
()

mHLA-DR Monitoring

10.3389/fimmu.2023.1130214

Clinical Implications

(92)

Frontiers in Immunology

Prospective, Sepsis mHLA-DR Ab/c Sample 1 collected and o Low mHLA-DR expression at presentation Higher TAI risk associated with
single center, (EC) analyzed within 3 days of associated with initial disease severity assessment persistent low mHLA-DR
observational ICU admission; sample 2 (R2 = 0.28; p<0.01) measure
study collected and analyzed « Persistence of a low mHLA-DR (< 8000 Ab/c),
(n=1053) (84) within first week measured between Day 5 and Day 7, was

associated with a later occurrence of IAIs

(p=0.01)
Prospective, Cardiac mHLA-DR MFI Samples collected at 12, 24, « In patients following cardiac arrest and No correlation between mHLA-
single center, arrest (FC) and 48 hours after cardiac cardiopulmonary resuscitation, downregulation of | DR expression and 30-day
observational arrest HLA-DR expression was observed mainly in mortality
study (n=51) classical monocytes and correlated with
(85) norepinephrine dose
Prospective, Trauma mHLA-DR Ab/c | Periodic monitoring;  22% of patients had secondary infections, all of Trend for secondary infections
single center, (FC) samples collected and which had HLA-DR < 15,000 Ab/c at Days 3-4 with low mHLA-DR levels at
observational analyzed at Days 1, 3,and 8  « Not powered to establish an association between | Day 3
study (n=36) after injury HLA-DR and secondary infections (p=0.22)
(86)
Post-hoc Sepsis %mHLA-DR+ Single measurement; early « Patient classified as IP when mHLA-DR < 30% Higher hospital and ICU
analysis of (FC) immune status evaluated by and non-IP when > 30% mHLA-DR mortality risk associated with
ETASS Study the %mHLA-DR in total « Higher mortality rate for elderly with IP vs low mHLA-DR measure for
(n=273) (87) monocytes within 48 hours elderly without IP (53.4% vs 32.5%; p=0.009) elderly

after onset of sepsis « For non-elderly patients, no difference in

mortality rates for IP vs non-IP (33.5% vs 26.0%;

p=0.541)
Prospective, Critically ill, mHLA-DR Ab/c Periodic monitoring « Lower mHLA-DR expression for COVID-19 vs mHLA-DR expression kinetics
observational COVID-19 (FC) healthy subjects (11,860 Ab/c vs 15,000-45,000 revealed no change over time.
study (n=24) Ab/c; p-value not reported) No secondary infections were
(88) « Higher mHLA-DR expression for COVID-19 vs | observed during the follow-up

sepsis (bacterial infections were the drivers of period for patients with

sepsis (75); 11,860 Ab/c vs 5211 Ab/c; p<0.0001) COVID-19
Prospective, Sepsis mHLA-DR Ab/c Periodic monitoring; « No difference in mHLA-DR expression between | Increased risk of secondary
observational (FC) samples collected and pathogen categories (e.g., Gram-positive, Gram- infections and 28-day mortality
study (n=241) analyzed at 3 time points negative) and sites of infection (e.g., abdominal, associated with declining
(75) (Day 1 or 2; Day 3 or 4; respiratory tract, urinary tract) mHLA-DR expression

Day 6, 7, or 8) « Greater increase in mHLA-DR expression for

survivors vs non-survivors (AUROC, 0.65;

p=0.01)
Retrospective, Sepsis %mHLA-DR+ Periodic monitoring; « Lower %mHLA-DR+ expression on Day 3 for Increased risk of secondary
observational (FC) samples collected at Days 1,  patients with secondary infections vs those infections associated with lower
study (n=297) 3, and 7 after hospital without secondary infections (28.6% vs 41.1%; mHLA-DR expression
(89) admission p=0.048)

« Higher in-hospital (45.7% vs 25.4%; OR, 2.472;

p=0.001), 30-day (34.8% vs 23.4%; OR, 1.744;

p=0.041), and 90-day mortality rates (42.4% vs

25.4%; OR, 2.165; p=0.003) for patients with

secondary infections vs those without secondary

infections
Prospective, Sepsis mHLA-DR Ab/c Periodic monitoring; « Lower levels of mHLA-DR (5913-7927 Ab/c vs Increased secondary infections
single center, (FC) samples collected and 25,477-34,295 Ab/c; p<0.001) and lower CD4+ T associated with lower mHLA-
observational analyzed at Days 1, 3, and 7 | cells (332-1186 cells/uL vs 895-2187 cells/uL; DR expression
study (n=56) after injury p<0.01) for patients with septic shock vs healthy
(90) controls

« Lower levels of mHLA-DR for those with

secondary infection vs those without secondary

infection (Days 1-2 mHLA-DR, 4146 Ab/c vs

8704 Ab/c; p=0.28; Days 3-5, 4398 Ab/c vs 8474

Ab/c; p=0.022) (91)
Prospective, Critically ill %mHLA-DR+ Daily monitoring; samples « Lower mHLA-DR expression (67% vs 95%; Increased nosocomial infection
controlled (including and mHLA-DR collected and analyzed Days = p<0.001) and lower HLA-DR MFI within risk with lower mHLA-DR
study (n=74) sepsis; n=12) | MFI (FC) 1-4 of PICU stay monocyte subsets (3219 vs 6545; p<0.001) for expression on classical

critically ill children vs controls

monocytes

(Continued)
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TABLE 1 Continued

Study Condition = Monocyte mHLA-DR Monitoring
Function
(Test)
Prospective, Sepsis mHLA-DR MFI Single measurement;
single center, (FC) and HLA- samples collected and
ex-vivo study DR mRNA analyzed on Day 1 of
(n=19) (30) (PCR) inclusion
Prospective, Trauma AmHLA-DR Periodic monitoring;
observational (FC) samples collected every 2
study (n=100) days; subsequent samples
(33) after Day 5 were not
presented (occurred after
sepsis development)
Prospective, Sepsis AmHLA-DR Periodic monitoring;
observational (FC) samples collected and
study (n=79) analyzed between Days 0, 3,
(93) and 7 after injury

10.3389/fimmu.2023.1130214

Clinical Implications

« Higher monocyte numbers in peripheral blood
(p<0.001) but lower HLA-DR MFI (p<0.001) and
mRNA HLA-DR levels (p<0.001) for patients
with sepsis vs controls

Higher 28-day mortality rate
associated with low HLA-DR

« mHLA-DR has predictive potential for Higher risk for sepsis
development of sepsis after major trauma:
« Slope of mHLA-DR expression between Days

3-4 and Days 1-2 (OR, 9.0; p=0.0009)

development with greater
reduction of mHLA-DR levels
between Days 1-2 and Days 3-
4

o Greater AmHLA-DR from Day 0 to Day 7 for
survivors vs non-survivors (16.9 vs 4.55; p=0.038)
« Smaller AmHLA-DR from Day 0 were
associated with higher 28-day mortality
(AmHLA-DR, Days 0-3 < 4.8%; OR, 94.71;
p<0.001; AmHLA-DR, Days 0-7 < 9%; OR, 51.04;
p<0.001)

Higher 28-day mortality
associated with smaller
AmHLA-DR over 7 days

AmHLA-DR, change in monocyte human leukocyte antigen-DR; %mHLA-DR+, percent of monocytes positive for human leukocyte antigen-DR; Ab/c, antibodies bound per cell; AUROC, area under
receiver operating curve; COVID-19, coronavirus disease of 2019; ETASS, Efficacy of Thymosin Alpha 1 for Severe Sepsis; FC, flow cytometry; IAI intensive care unit-associated infections; ICU,
intensive care unit; IP, immunoparalysis; MFI, mean fluorescence intensity; mHLA-DR, monocyte human leukocyte antigen-DR; mRNA, messenger ribonucleic acid; OR, odds ratio; PCR, polymerase

chain reaction; PICU, pediatric intensive care unit.

One such review evaluated mHLA-DR in patients with complicated
intra-abdominal infections and sepsis from 12 studies (n=761) (102).
Results from 10 of these studies showed strong associations between
low mHLA-DR expression and mortality. By contrast, 2 studies
showed no prognostic value of mHLA-DR expression level.
Proposed factors contributing to nonsignificant results in these 2
studies include: homogeneity of enrolled patients, young age, small
sample sizes, and heterogeneity among experimental protocols (77,
87, 100, 103). Another review assessed mHLA-DR in critically ill
patients with coronavirus disease of 2019 (COVID-19), sepsis, or
bacterial infections from 15 studies (n=1160) (104). Of these studies, 4
monitored mHLA-DR expression with flow cytometry by a
standardized protocol that reported results as Ab/c. Initial mHLA-
DR expression was lower for COVID-19 patients than for controls
(10,000 Ab/c vs 15,000 Ab/c) yet higher for COVID-19 patients than
for septic shock patients (10,000 Ab/c vs 5000 Ab/c). Lower mHLA-
DR expression was associated with higher ICU mortality and greater
disease severity at hospital admission. A meta-analysis evaluated 8
prospective cohort studies to evaluate HLA-DR as a biomarker for
sepsis in patients after trauma (n=639) (105). Results from 7 studies
showed that HLA-DR by flow cytometry for detecting sepsis IP had a
pooled sensitivity of 81% and a pooled specificity of 67%.

While various thresholds for detecting IP have been proposed, a
minimum threshold for raising secondary infection and mortality
risks has to date been neither standardized nor adopted (3, 4, 77, 84,
106). Hence, HLA-DR testing by flow cytometry can now be
implemented with analytic validity, and multiple studies support its
clinical validity. Yet, both a definitive threshold for sepsis IP and
clinical utility for therapeutic response prediction remain, for
now, unconfirmed.

Notably, 3 additional approaches to mHLA-DR measurement
have been investigated. First, measurement of HLA-DR expression
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levels by polymerase chain reaction (PCR) was explored in several
clinical studies (4, 70, 80). In 1 such study, quantitative real-time PCR
(qRT-PCR) and mHLA-DR flow cytometry were used to assess HLA-
DR and class II transactivator (CIITA) in patients with bacteremic
sepsis (n=60) (70). TagMan gene qRT-PCR expression assays were
used to measure HLA-DR-o subunit (HLA-DRA) and CIITA,
whereas Quantibrite' was used to measure mHLA-DR by flow
cytometry. Similar patterns for initial reductions in HLA-DRA,
mHLA-DR, and CIITA were all followed by subsequent increases
over time (p<0.001). Hence, qRT-PCR yields results somewhat
similar to flow cytometry with low variability and reproducibility.
While qRT-PCR may be robust for detecting HLA-DR expression in
patients with sepsis, QRT-PCR results are non-specific for monocytes
since circulating DCs, B cells, and activated T cells also express HLA-
DR (70, 80). As such, it may not reliably reflect mHLA-DR expression
in monocytes that drives sepsis IP (4, 80, 107).

Second, myeloid-derived suppressor cells (MDSCs) have been
described in patients with sepsis (4, 108-110). Although not
standardized, all MDSC descriptions include “low HLA-DR
expression.” Hence, MDSCs are invariably monocytes with low HLA-
DR. In sepsis, MDSCs associate with: prolonged immunosuppression,
diminished T cell functions, development of nosocomial infections,
higher reinfection rates, and hospital readmissions (4, 109, 111, 112).

Finally, several studies support that dynamic changes by serial
mHLA-DR monitoring might predict mortality better than static
mHLA-DR monitoring (80, 113, 114). Correspondingly, persistence
of low mHLA-DR levels suggests slow or no recovery from sepsis IP
(4,12, 13,113, 115, 116). Given inter-individual variability of mHLA-
DR in sepsis, dynamic change or HLA-DR slope might increase
prognostic significance of low mHLA-DR expression for mortality
prediction (4, 13, 93, 98, 117). Thus far, no standardized approaches
to serial mHLA-DR monitoring have been either developed or
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tested prospectively.

Pediatric vs adult mHLA-DR

As in adults, low mHLA-DR in children associates with
nosocomial infections and mortality (92, 118-121). Nonetheless,
patient age affects monocyte subtypes and function, so direct
comparison of adults vs children may be confounding (121). While
adult monocytes are predominantly classical (CD14+/CD16-),
neonatal monocytes are mostly intermediate (CD14+/CD16+) or
nonclassical (CD14-lo/CD16+) subtypes that express lower levels of
HLA-DR (121-123). These differences result in reduced T cell
activation in neonates compared with adults (121). Also, neonates
have proportionally more regulatory T cells than adults, and that
difference may also limit immune responses in children with sepsis
(124, 125).

One study compared mHLA-DR expression among critically ill
children with sepsis, trauma-related hospital acquired infection, or
recent surgery (n=37; median age, 9 years) vs healthy control children
(n=37; median age, 3 years) (92). Results showed lower mHLA-DR
expression (67% vs 95%; p<0.001) and lower mHLA-DR MFI (3219 vs
6545; p<0.001) for critically ill children vs healthy controls at all
examined time points, in particular on classical monocytes and in
children admitted for sepsis. Another study evaluated blood samples
in hospitalized children with sepsis (n=30) vs healthy controls (n=21)
for mHLA-DR expression using Quantibrite' technology (98). As
with adults, mHLA-DR expression in pediatric patients with sepsis
was lower than that in controls (p=0.0001). Finally, a prospective,
single-center, observational study evaluated mHLA-DR levels using
Quantibrite’ ™ in children with septic shock admitted to a pediatric
ICU (n=26; median age, 2 years) with healthy controls (n=30) (90). As
seen elsewhere, mHLA-DR levels were lower for patients with septic
shock than for healthy controls (p<0.001).

Ex-vivo blood cell TNF-o secretion

While HLA-DR is well-documented for sepsis IP detection, other
potential biomarkers are also being explored. LPS-induced TNF-ou
production from peripheral blood cells reflects innate immune system
function via myeloid cell capacity to respond to an inflammatory
stimulus (3, 30, 126). Although both ex-vivo TNF-a. secretion and
HLA-DR expression assess monocyte dysfunction via metabolic
capacity to fulfill basic immune functions, ex-vivo TNF-o. secretion
is less specific for monocytes as responding myeloid cells include both
neutrophils and monocytes. Independent of sepsis IP, TNF-o. levels
may also be influenced by a variety of other factors, such as: type of
LPS used, blood volume, incubation conditions, and LPS
concentration (3).

In contrast to substantial literature examining mHLA-DR
prognostic significance in adult sepsis, there are fewer reports on
TNF-a, and most are in small groups of children (3, 74, 91, 127, 128).
Overall, these studies support clinical validity of measuring TNF-a. by
ex-vivo LPS stimulation. Although a few studies describe standardized
protocols for measuring LPS-induced TNF-o production for sepsis,
scalable analytic validity may remain challenging (29, 129). As seen
for HLA-DR quantitation, no receiver operating characteristic (ROC)
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curve analysis has been performed to define a TNF-o threshold for
sepsis IP.

Absolute lymphocyte count

ALC is another laboratory parameter that reflects immune system
function (29, 130). The reference range for ALC varies with age. Normal
for adults varies between 1000 and 4800 cells/uL, and for children,
between 3000 and 9500 cells/pL (131, 132). Lymphopenia occurs when a
patient’s ALC is below normal and can increase risk for infection (133).

In sepsis IP, circulating lymphocyte populations (e.g., CD4+ T cells,
CD8+ T cells, B cells) are characteristically reduced due to tissue
sequestration and apoptosis (26). Reductions at sepsis onset typically
persist for up to 28 days. Increased apoptosis of both innate immune cells
and adaptive immune cells in sepsis results in leukopenia, which
associates with higher risks of secondary infections and death (134-136).

A retrospective, single-center cohort study monitored blood
parameters in patients with bacteremia and sepsis (n=335) for
secondary infection risk and mortality (130). Results showed higher
ALC at Day 4 for survivors vs non-survivors (1100 cells/uL vs 700 cells/
uL; p<0.0001). Also, 28-day and 1-year mortality were higher in severe
(40% vs 10% and 58% vs 29%; p<0.001) and moderate (25% vs 10%;
p=0.003, and 40% vs 29%; p=0.025) lymphopenia vs those without
persistent lymphopenia. Multivariable analysis showed that Day 4 ALC
was associated with both 28-day (odds ratio [OR], 0.68; p=0.009) and 1-
year mortality (OR, 0.74; p=0.008). Severe persistent lymphopenia (< 0.6
x 10° cells/ul) was also associated with development of secondary
infections (OR, 2.11; 95% confidence interval [CI], 1.02-4.39; p=0.04)
(26, 130). Thus, persistent lymphopenia on the fourth day after a sepsis
diagnosis predicted mortality and may be a valid marker of sepsis-
induced immunosuppression.

In another single-center study, cross-sectional analysis was
performed of ALC as an outcome predictor in patients with sepsis
presenting to an emergency department (n=124) (137). Results
showed a higher need for ICU admission (51.9% vs 14%; p<0.001)
and higher rates of 28-day mortality (88.1% vs 11.9%; p<0.001) for
patients with lymphopenia vs those without lymphopenia. In
addition, age and sequential organ failure assessment (SOFA) scores
were higher for patients with lymphopenia vs without.

Lower monocyte counts are also seen in sepsis and can impact
health outcomes (64). A retrospective, single-center database analysis
of patients with sepsis (n=2012) showed higher 28-day mortality
rates, higher bacteremia rates, and higher incidence of organ
dysfunction for patients with initial monocyte counts < 250 cells/uL.

Comparison of HLA-DR, TNF-o.
secretion, and ALC

Pros and cons of mHLA-DR expression, TNF-0. secretion, and
ALC as prognostic indicators in sepsis IP are summarized in Table 2
(4, 26, 27, 30, 35, 130, 138, 139). mHLA-DR expression and TNF-o.
responsiveness seek to measure similar biology of innate immune
MNP dysfunction (26, 27, 130). Correspondingly, in an ex-vivo study
using blood samples from patients with sepsis or septic shock (n=20),
mHLA-DR expression correlated with TNF-o. response (30). By
contrast, ALC reflects distinct, complementary biology of deficient
adaptive immune responsiveness (66).
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TABLE 2 Pros and cons of immune biomarkers for sepsis IP (4, 26, 27, 30, 35, 74, 130, 138, 139).

Biomarker Analysis Pros Cons
Method
mHLA-DR Flow cytometry « Reflects monocyte state « Requires flow cytometry at or near point of sample collection or expedited shipping to
« Specific to classical monocytes a flow cytometry laboratory
« High analytic validity with BD « Time sensitive analysis post-sample collection
Quantibrite™ technology « Sample stability
TNF-o ELISA « Reflects monocyte state « Neutrophils also responsive, thus the level of TNF-o. is not specific for monocytes

« Includes multiple steps
o Cell culture, incubation, and centrifugation to isolate supernatants at or near point of
sample collection
« Analytic validity could be confounded by variation in LPS source
Lymphocyte ALC

« Routinely available « No differentiation among types of lymphocytes

« Thresholds undefined

ALC, absolute lymphocyte count; BD, Becton, Dickinson and Company; ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; mHLA-DR, monocyte human leukocyte antigen-DR;

TNF, tumor necrosis factor.

HLA-DR expression offers acceptable analytic validity based on
well characterized monoclonal antibodies and QuantibriteTM
technology (74). Nonetheless, testing for this biomarker requires
flow cytometry of fresh or stabilized cells, necessitating either
shipping to a central facility or timely local analysis (74, 140). By
contrast, TNF-o secretion requires local site addition of LPS to blood
samples and incubation followed by analysis of frozen cell
supernatants by enzyme-linked immunosorbent assay (ELISA)
(138). This procedure generates need for trained site staff to
perform ex-vivo LPS stimulation reliably. Notable analytic validity
hurdles for TNF-o. secretion include variability in LPS source and ex-
vivo stimulation protocols, as well as non-specificity for monocyte vs
neutrophil secretion. Neutrophils may be a significant source of TNF-
o due to their higher abundance in whole blood relative to monocytes
(138, 139, 141). While ALC measurement is logistically simple,
inexpensive, and reflects adaptive immune function directly, ALC
alone does not directly reflect innate immune function (142). Also, a
threshold to define sepsis IP based on ALC remains, to date,
undefined (130).

Immunostimulatory agents in sepsis

Consequences of sepsis IP are severe and contribute to sepsis
mortality (26, 29). However, sepsis IP may be reversible since about
one third of severe sepsis survivors regain immune function (29). As
such, many drug trials have focused on targeting the clinically overt
state of SIRS with pharmacologic agents that have anti-inflammatory
effects. Though, most such agents have failed to improve outcome,
and none has yet been shown to improve survival. Nonetheless,
investigation continues of immunostimulatory agents that aim to
reverse CARS eftects (1, 3).

Experimental immunotherapies for sepsis IP have been shown to
decrease ICU stay duration and secondary infection risk (3, 62).
Notably, immunostimulating agents have shown promise for
reversing IP, including: recombinant IL-7, programmed death 1
(PD-1)/PD-L1-specific antibodies, recombinant interferon (IFN)-y,
and recombinant GM-CSF (3, 12, 29, 62).

IL-7 is a potent anti-apoptotic cytokine required for lymphocyte
survival and expansion that has shown potential benefits in patients
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with sepsis (143). The phase 2 IRIS-7 study evaluated IL-7 at varying
frequencies vs placebo in patients with septic shock and severe
lymphopenia (n=27). At Day 29, results showed higher ALC for IL-
7 relative to placebo study therapy (+0.99-1.30 x 10° lymphocytes/pL
5 0.99 x 10° lymphocytes/uL; p=0.004). Elevated ALC persisted for 2—
4 weeks after discontinuing IL-7.

PD-1 and PD-L1 are upregulated in sepsis and other
inflammatory states (including cancer) (144). Clinical responses
seen with PD-1/PD-L1 inhibitors in tumors suggested potential
benefits for sepsis IP (27, 29), and a phase 1 trial of nivolumab in
patients with sepsis (n=31) demonstrated safety. Larger clinical
studies, however, were stopped by the sponsor (29, 145).

Pro-inflammatory cytokine IFN-y plays a role in both innate and
adaptive immune responses (146). One trial showed that IFN-y study
treatment restored mHLA-DR expression in patients with sepsis IP
(4, 147). A separate, small, randomized, double-blind study (n=18)
evaluated recombinant IFN-y vs recombinant GM-CSF vs placebo in
healthy volunteers given E. coli endotoxin. IFN-y increased mHLA-
DR expression and TNF-o levels but did not significantly improve
symptom scores (148). In contrast, treatment with GM-CSF showed
results trending in the same direction as IFN-y, but were not
statistically significant compared with placebo. Finally, a prospective
case series described patients with invasive fungal infections treated
with recombinant IFN-y (n=8) (149). Notably, 5 of these 8 patients
were considered to have IP, defined as < 50% HLA-DR+ monocytes.
Treatment with recombinant IFN-y restored immune function as
indicated by increased HLA-DR expression in those with IP,
increased ex-vivo cytokine production (e.g., TNF-o, IL-17, IL-22),
and increased total leukocyte counts.

Therapeutic GM-CSF is available as a rhu protein (sargramostim)
that was approved by the US Food and Drug Administration (FDA)
in 1991 for myeloid cell reconstitution after cytotoxic chemotherapy
(150, 151). Notably, rhu GM-CSF (including sargramostim)
augments monocyte metabolic capacity, function, and proliferation
(Figure 2) (3, 29, 77, 150, 152). In addition, sargramostim has been
administered to acutely and critically ill patients, including children
across multiple trials (Table 3) (31, 99, 126, 148, 153-155). No serious
adverse events have been ascribed to sargramostim in these studies,
and it did not increase systemic inflammation as measured by pro-
inflammatory cytokines (e.g., IL-6 or IL-8). Doses studied were at or

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1130214
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Joshi et al.

A

Monocyte
dysfunction

JHLA-DR
(MHC 11)
expression

Restoration of
monocyte function

Normalization
of mHLA-DR
expression and

cytokine release

FIGURE 2

,ft;

Phagocytosis
3 gocyt ,' °
-:75  JCytokines
© " (eg, TNF-q, IL-1)
DAMPs/PAMPs

Sepsis IP may be
reversed by rhu GM-CSF

Phagocytosis

Fe

f TNF-a response and
intracellular killing
rhu GM-CSF increases
biomarkers of
immunocompetence

1 Antigen
presentation

1 Cytokine release

rhu GM-CSF (including sargramostim) stimulates and restores immune function in sepsis IP. (A; top monocyte) Impaired monocyte function leads to
reduced pro-inflammatory mediator responses, decreased pathogen phagocytosis, and lower human leukocyte antigen-DR isotype (HLA-DR) expression
(4). (A; middle and bottom monocytes) Treatment with recombinant human (rhu) granulocyte-macrophage colony-stimulating factor (GM-CSF) leads to
increased intracellular killing, cytokine secretion, phagocytosis, monocyte (m)HLA-DR expression, and antigen presentation (2, 4). (B) In a biomarker-
guided study of patients with sepsis IP (n=38), sargramostim was given daily for up to 8 days to patients with sepsis and mHLA-DR lower than 8000 Ab/c
(31). Sargramostim treatment led to improved mHLA-DR expression and tumor necrosis factor (TNF)-o responses. (C) Sargramostim increased absolute
numbers of monocytes and lymphocyte subsets (e.g., CD4+ T cells, CD8+ T cells, B cells) (31). Ab/c, antibody numbers bound per cell; DAMP, damage-
associated molecular patterns; GM-CSF, granulocyte-macrophage colony-stimulating factor; HLA-DR, human leukocyte antigen-DR isotype; IL,
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pathogen-associated molecular patterns; rhu, recombinant human; TNF, tumor necrosis factor.
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TABLE 3 Use of sargramostim in sepsis to improve clinical outcome and restore normal monocyte function.

Study Design, Patient Population

Results

Clinical Outcomes Monocyte Function

Randomized, unblinded, prospective study of
sargramostim vs placebo: 40 patients with sepsis
and a documented infection (153)

Prospective, single-arm study of sargramostim:
4 children® with recurrent infections (154)

« Sargramostim vs placebo:

« More patients experienced
cure/improvement of infection (14/
18 vs 5/15; p=0.01)

« More patients survived at 14
days (14/18 vs 10/15; p=0.10), 28
days (14/18 vs 9/15; p=0.53), and
were discharged (12/18 vs 8/15;
p=0.18)

« Sargramostim increased mHLA-
DR expression to a level that was
not different from that of healthy
controls (p=0.27)

« Positive correlation between the
amount of increase in HLA-DR
expression and the clearance of
infection (r=0.41; p=0.02)

 Sargramostim treatment vs
baseline:

« Sargramostim increased the « Sargramostim normalized mHLA-DR

proportion of patients whose expression
infections were either cured or « Increased mHLA-DR expression
improved correlated with infection clearance
« Improvement in 28-day survival
and hospital discharge in patients

who received sargramostim (p=NS)

« Sargramostim treatment reduced « Sargramostim treatment increased

the number and severity of absolute monocyte counts at Week 12

infections
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TABLE 3 Continued

Study Design, Patient Population

Clinical Outcomes

10.3389/fimmu.2023.1130214

Monocyte Function

Randomized, double-blind, phase 2 study of
sargramostim vs placebo: 38 patients with severe
sepsis or septic shock and sepsis IP (31)

Randomized placebo-controlled study of
sargramostim vs placebo: 36 patients with severe
sepsis and sepsis IP (155)

Randomized, open label, phase 2 study of
sargramostim vs SoC: 14 children with MODS
and IP (defined by whole-blood ex-vivo LPS-
stimulated TNF-o r ) (126)

1 4

Randomized, double-blind, placebo-controlled
study of sargramostim vs IFN-y and placebo: 18
healthy volunteers, experimental endotoxemia
leading to IP induced with E. coli endotoxin
(148)

« Decreased number of repeated
viral infection complaints (patients
1-3)

« Increased diameter of
induration for antigens tested via
DHT (all patients)

« Higher absolute monocyte
counts at Week 12 (0.4-0.7 x 10°
vs 0.2-0.4 x 10% p=NR)

« Sargramostim vs placebo:

« Shorter ICU LOS (40.9 days vs
52.1 days; p=NS)

« Shorter intrahospital LOS (58.8
days vs 68.9 days; p=NS)

« Shorter time on ventilator
(147.9 days vs 207.2 days; p=0.037)

« Similar 28-day mortality (16%
vs 21%; p=NS)

« Higher Day 9 mHLA-DR
(50,907 Ab/c vs 10,426 Ab/c;
p<0.0001)

« Higher proportion of patients
with normalized mHLA-DR levels
(100% vs 16%)

« Higher TLR4-induced cytokine
release at Day 9 (IL-6, p<0.05; IL-
8, p<0.01)

« Sargramostim vs placebo:

« Lower Day 9 kynurenine levels
(p=0.009)

« Similar 28-day mortality (17%
vs 22%; p=0.9)

« Lower Day 9 IDO activity
(p=0.03)

« Correlation with procalcitonin
and IDO activity (r=0.56;
Pp<0.0001)

« Inverse correlation of mHLA-
DR and IDO activity (r=-0.28;
p=0.005)

o Sargramostim vs SoC:

« No nosocomial infections in
sargramostim-treated group
(p<0.05)

« For children who received SoC,
IP reversal required > 7 days in the
PICU

« For children who received
sargramostim:

« IP reversal occurred in < 7
days

« Rapid recovery of ex-vivo LPS-
induced TNF-o production (200
pg/mL) compared with children
who received SoC (p=0.001)

« During the second LPS challenge:
« Lower reduction in symptom
scores with sargramostim (50%;
p=0.03) vs placebo (72%; p=0.03)
« Decrease in TNF-o release
(from Visit 1 to Visit 2) with
sargramostim (38% [-2 to 63,
p=0.16]) and placebo (60% [48-
71%; p= 0.03])
« During the treatment period,
sargramostim vs placebo:

« Sargramostim improved immune
function as reflected in positive
DHT response

« Time of mechanical ventilation,
ICU LOS, and intrahospital LOS
shorter in patients who received
sargramostim

« No significant change for 28-day
mortality between the groups

« Sargramostim improved
antibacterial defense as indicated by
decreased IDO activity and
reduction in kynurenine pathway
catabolites

« Sargramostim reduced nosocomial
infections without increasing
systemic inflammation

« Sargramostim-treated patients
required fewer days in the PICU

« Sargramostim treatment
diminished a reduction in symptom
score response to a second LPS
exposure in experimental
endotoxemia IP model

« Sargramostim normalized mHLA-DR
levels

« Sargramostim treatment restored
cytokine production

« Sargramostim treatment induced
normalization of monocytic function that
is accompanied with decreased levels of
IDO activity and metabolites downstream
of IDO

« Sargramostim treatment restored
monocyte responsiveness

« Sargramostim treatment stabilized
mHLA-DR and prevented a reduction in
monocyte responsiveness after second
LPS exposure
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TABLE 3 Continued

Study Design, Patient Population

10.3389/fimmu.2023.1130214

Clinical Outcomes Monocyte Function

« Stable mHLA-DR (85% to
94%; p=0.40 vs 80% to 76%;
p=0.30)

« Higher leukocyte counts (+21%

vs -24%; p=0.009)

Randomized, single-blinded, phase 2a study of
sargramostim vs placebo: 38 patients with sepsis

« Sargramostim vs placebo:

« Higher neutrophil function
(phagocytosis > 50%) at Day 6/7
(100% vs 44%; p=0.004)

« Lower all-cause 30-day
mortality (23.5% vs 28.6%; for
those who received > 2 doses of
trial drug, 7.7% vs 30%)

« Higher mHLA-DR at Day 2
(p<0.01)

and impaired neutrophil function (99)

« Sargramostim improved
neutrophil function

o Sargramostim improved all-cause
30-day mortality

« Sargramostim treatment was associated
with a significant rise in mHLA-DR at
Day 2 (p<0.01)

“Three children with severe and recurrent viral respiratory tract infections; 1 child with recurrent bacterial sepsis.

Ab/c, antibodies bound per cell; AUC, area under the curve; DHT, delayed hypersensitivity skin test; HLA-DR, human leukocyte antigen-DR isotype; ICU, intensive care unit; IDO, indoleamine 2,3-
dioxygenase; IFN, interferon; IL, interleukin; IP, immunoparalysis; LOS, length of stay; LPS, lipopolysaccharide; mHLA-DR, monocyte human leukocyte antigen-DR; MODS, multiple organ
dysfunction syndrome; NR, not reached; NS, not significant; PICU, pediatric intensive care unit; SoC, standard of care; TLR4, toll-like receptor 4; TNF, tumor necrosis factor.

below the labeled dose for myeloid reconstitution (250 pg/m*/day). In
some studies, immune recovery was prompt, within 3 days of
sargramostim administration, with trends toward improved
infection recovery, reduced hospital stays, and fewer days of
mechanical ventilation. Nonetheless, all these studies were
underpowered to confirm effects on outcomes. Results of 2 multi-
center randomized trials of sargramostim in sepsis IP are also awaited.
The ongoing GRACE-2 study (NCT05266001) will evaluate
sargramostim vs placebo in 400 children with sepsis-induced
MODS and IP. Furthermore, mHLA-DR expression will be assessed
in this study to establish its clinical utility. In addition, the United
Kingdom (UK)-based National Institute for Health and Care
Research (NIHR) will sponsor the SepTIC trial that includes
investigation of sargramostim for improving outcomes in a high-
risk subset of patients admitted to the ICU with sepsis, which is
anticipated to begin in mid-2023 (156). Of 3758 adult patients to be
enrolled, 1300 with ALC below 1200 cells/uL will be randomized to
sargramostim vs placebo. The primary endpoint will be 90-day all-
cause mortality.

Discussion

While mHLA-DR, TNF-a. secretion, and ALC each show promise
as potentially useful biomarkers for sepsis IP, analytic validity of
HLA-DR expression and its direct biologic linkage with MNP
functional state make it attractive as a potential future gold
standard for identification of sepsis IP (157, 158). Numerous
publications, dating back 20 years, support use of either HLA-DR+
CD14+ cells or the actual number of HLA-DR proteins on CD14+
monocytes as clinically useful biomarkers for identifying patients with
sepsis. Furthermore, sepsis IP severity might be detected by either low
HLA-DR levels or diminishing HLA-DR levels during hospitalization.
Nonetheless, while sepsis IP can be detected by diminished mHLA-
DR expression, absence of either validated testing or an approved
therapy to correct sepsis IP have thus far prevented widespread
adoption of this biomarker.

Frontiers in Immunology

65

Based on data presented here, we conclude therapeutic GM-
CSF restores mHLA-DR levels and may improve clinical
outcomes in patients with sepsis IP. Multiple trials of
critically ill adults and children indicate that study treatment
with sargramostim restored HLA-DR expression and
immunocompetence. Furthermore, sargramostim led to trends
toward improved clinical outcomes via reduced days of ICU
stay and 28-day mortality. The GRACE-2 and SepTIC trials will
further inform benefit from therapeutic GM-CSF (sargramostim)
in sepsis IP.
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CircRNA_0075723 protects
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sponging miR-155-5p and
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Introduction: Circular RNAs (circRNAs) have been linked to regulate
macrophage polarization and subsequent inflammation in sepsis. However, the
underlying mechanism and the function of circRNAs in macrophage pyroptosis
in pneumonia-induced sepsis are still unknown.

Methods: In this study, we screened the differentially expressed circRNAs among
the healthy individuals, pneumonia patients without sepsis and pneumonia-
induced sepsis patients in the plasma by RNA sequencing (RNA-seq). Then we
evaluated macrophage pyroptosis in sepsis patients and in vitro LPS/nigericin
activated THP-1 cells. The lentiviral recombinant vector for circ_0075723
overexpression (OE-circ_0075723) and circ_0075723 silence (sh-
circ_0075723) were constructed and transfected into THP-1 cells to explore
the potential mechanism of circ_0075723 involved in LPS/nigericin induced
macrophage pyroptosis.

Results: We found circ_0075723, a novel circRNA that was significantly
downregulated in pneumonia-induced sepsis patients compared to
pneumonia patients without sepsis and healthy individuals. Meanwhile,
pneumonia-induced sepsis patients exhibited activation of NLRP3
inflammasome and production of the pyroptosis-associated pro-inflammatory
cytokines IL-1B and IL-18. circ_0075723 inhibited macrophage pyroptosis via
sponging miR-155-5p which promoted SHIP1 expression directly. Besides, we
found that circ_0075723 in macrophages promoted VE-cadherin expression in
endothelial cells through inhibiting the release of NLRP3 inflammasome-related
cytokines, IL-1B and IL-18, and protects endothelial cell integrity.
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Discussion: Our findings propose a unique approach wherein circ_0075723
suppresses macrophage pyroptosis and inflammation in pneumonia-induced
sepsis via sponging with miR-155-5p and promoting SHIP1 expression. These
findings indicate that circRNAs could be used as possible potential diagnostic and
therapeutic targets for pneumonia-induced sepsis.

KEYWORDS

CircRNA_0075723, miR-155-5p, SHIP1, pyroptosis, pneumonia-induced sepsis, THP-1

Introduction

Sepsis is defined as a life-threatening organ dysfunction caused
by a dysregulated host response to infection (1). Despite significant
advances of sepsis therapy in the past decade, sepsis remains the
primary reason for death in the intensive care unit (ICU) (2).
Infection in the respiratory system is the most common of sepsis,
which accounts for about 50%. Meanwhile pulmonary infections
lead to nearly 30% mortality of patients with sepsis, much higher
than infections from other sources (3, 4). However, the mechanisms
driving pneumonia-induced sepsis remain poorly understood.
Macrophage death is critical to the pathophysiology of
pneumonia and related sepsis (5, 6). Of note, pyroptosis, a sort of
programmed cell death driven by NLRP3 inflammasome activation,
is a major contributor to sepsis. It is characterized by formation of
cell membrane pores and the production of inflammatory factors
IL-1P and IL-18 (7). In reaction to pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), NLRP3 is activated and oligomerized through NACHT
domain, which then recruits apoptosis-associated speck-like protein
containing a CARD (ASC) and pro-caspase 1 to form NLRP3
inflammasome. This results in the transformation of pro-caspasel
into active caspasel. The active caspasel then converts pro-IL-1f
and pro-IL-18 to their active forms. With its pore-forming activity,
Caspasel also cleaves gasdermin D (GSDMD) into N-terminal form
(N-GSDMD). Inflammatory factors (IL-1f and IL-18) are
ultimately released from pores formed by N-GSDMD. Increasing
evidence have indicated that NLRP3 inflammasome and pyroptosis
in macrophages are essential for the occurrence and development of
sepsis (8, 9). However, whether macrophage pyroptosis is involved
in pneumonia-induced sepsis and the precise regulatory
mechanisms of macrophage pyroptosis remain not clear.

Circular RNAs (circRNAs) are covalently closed single-strand
RNAs generated by mRNA back-splicing, which comprise a
widespread subtype of non-coding RNAs (10). The main function
of circRNAs is regulation of transcription and translation of mRNA
by sponging miRNAs (11). Till now, circRNAs have been
implicated in numerous areas of biological processes, including
cell differentiation, apoptosis, autophagy, and proliferation, which
are all closely related to septic pathogenesis (12). We previously
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reported global changes of circRNAs and the circRNA-miRNA-
mRNA networks in pulmonary macrophages activation from cecal
ligation and puncture (CLP)-induced acute respiratory distress
syndrome (ARDS) mice model by microarray analysis, suggesting
that circRNAs are required for macrophages function and the
development of ARDS (13). Further, we have revealed that
circN4bp1 facilitated sepsis-induced ARDS through promoting
macrophage polarization by means of miR-138-5p/EZH2 axis in
vivo and ex vivo (14). Recent reports have implicated circular RNAs
in the regulation of macrophage pyroptosis. CircACTR2 is identified
to promote macrophage pyroptosis and the subsequent fibrosis
(15). Inhibition of circ_0029589 by IFN regulatory Factor-1 (IRF-1)
may also promote macrophage pyroptosis and inflammation in
patients with acute coronary syndrome (ACS) (16). However, it
remains unknown whether circRNAs regulate macrophage
pyroptosis in sepsis, especially pneumonia-induced sepsis. In this
investigation, we screened for differential expression circRNAs in
plasma of healthy individuals, pneumonia patients without sepsis,
and pneumonia-induced sepsis patients using RNA-seq and
recognized the significantly downregulated circRNA,
circ_0075723, which is generated from the exons of gene NUPI53.
We also showed that circ_0075723 acted as a negative regulator of
macrophage pyroptosis and inflammatory damage in pneumonia-
induced sepsis, in addition to the pathways associated with miR-
155-5p and SHIP1. Our findings present new insights of circRNAs
into the regulation of macrophage pyroptosis and provide possible
treatment targets for pneumonia-induced sepsis.

Materials and methods
Clinical samples collection

This study was authorized by the Research Ethics Board of East
Hospital, Tongji University (Shanghai, China). All recruited
patients or their authorized family members were provided with a
consent form. Peripheral blood (4ml) was taken from 7 eligible
patients with pneumonia-induced sepsis, 7 pneumonia patients
without sepsis and 7 healthy donors. The participants’ clinical
parameters are shown in Supplementary Table 1. The pneumonia
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patients were classified as sepsis according to the Surviving Sepsis
Campaign definitions (17) from the emergency and/or general
intensive care unit (ICU) of East Hospital. The pneumonia
patients without sepsis who came from emergency internal
medicine ward of East Hospital and healthy volunteers came to
East hospital for routine physical examination. Pneumonia was
defined by a new pulmonary infiltrate on chest radiograph
accompanied with at least one of the following signs (18): (a) the
presence of cough, sputum production, and dyspnea; (b) core body
temperature > 38.0°C; (c) peripheral white blood cell counts
> 10 x 10°/L or < 4 x 10°/L. Among the 21 samples, 3 sepsis
samples, 3 pneumonia samples and 3 healthy people samples were
used for RNA sequencing analysis, and the remaining samples were
used for subsequent tests.

Cell extraction

Peripheral blood mononuclear cells (PBMCs) were isolated
from peripheral blood according to the protocol as previously
reported (19) and CD14" monocytes were sorted from PBMCs
with a magnetic cell sorting system (Miltenyi Biotec, Germany).
PBMCs were added with CD14 Microbeads(20pul/ 107cells), and then
the CD14" monocytes were magnetically labeled with CD14
Microbeads. When PBMCs passed through a MACS column, the
magnetically labeled CD14" monocytes were retained within the
column, and then CD14+monocytes were extracted as positively
selected cell fraction.

RNA sequencing analysis

Plasma from patients with pneumonia-induced sepsis,
pneumonia patients without sepsis, and healthy individuals was
isolated using TRIzol reagent (Invitrogen, USA) per the
manufacturer’s instructions. NanoDrop ND-1000 was utilized to
measure the RNA’s purity and concentration (NanoDrop Thermo).
Through denaturing agarose gel electrophoresis, the RNA integrity
of the samples was evaluated. The rRNA was removed using the
Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA).
Cloud-Seq Biotech (Shanghai, China) performed the high-
throughput whole transcriptome sequencing and subsequent
bioinformatics analysis as previously reported (20). The sequencer
Mumina HiSeq 6000 was used to obtain paired-end readings. The
circular RNA was detected and identified using DCC software
(v0.4.4) and the identified circular RNA was annotated using the
circBase database and Circ2Tuits. Edger software (v3.16.5) was
utilized to identify circRNAs with differential expression.

RNA extraction and quantitative Real-Time
PCR (qRT-PCR)

Total RNA (2ug) was extracted using TRIzol (Invitrogen, USA)

followed by reverse transcription of mRNAs and circRNAs using
PrimeScript IT 1st Strand cDNA Synthesis Kit (Takara, Japan) per
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the standard manufacturer’s instructions. qRT-PCR assay was
performed to measure mRNAs and circRNAs expression with
SYBR® Premix Ex TaqTM II (Takara, Japan) using the Roche 480
Real Time PCR System. GAPDH (encoding glyceraldehyde-3-
phosphate dehydrogenase) was used as an internal control for
circRNAs and mRNAs, and U6 was employed as an endogenous

control for the miRNAs. Relative quantification (274"

) was used
for result analysis. All the primers used were included in

Supplementary Table 2.

Cell culture and transfection

The human monocytic leukemia cell line THP-1 was purchased
from Chinese Academy of Sciences (Shanghai, China) and was
grown in RPMI-1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin and streptomycin. THP-1 cells were
differentiated into macrophages for 3 hr in the presence of 100
nM phorbol myristate (PMA) and replated. For stimulation, cells
were primed with different or indicated concentrations (0.1, 0.5 and
1 pg/ml) LPS for 4 hrs in Opti-MEM, then stimulated with 10 uM
nigericin for 2 hrs. GenePharma designed and produced the
Circ_0075723 overexpression vector, miR-155-5p mimic, SHIP1
overexpression vector and circ_0075723 silence vector (sh-
circ_0075723) (Shanghai, China). THP-1 cells were transfected
with overexpression vector (2 pg), miRNA mimic (25 nM) or
shRNA (25 nM) using Lipofectamine 3000 (Invitrogen) per the
manufacturer’s instructions 24h before LPS/nigericin stimulation.
After different stimulations, the supernatants of THP-1 cells were
collected for IL-1f3 and IL-18 analyses or applied to culture human
lung microvascular endothelial cells (HLMVEC) (Chinese Academy
of Sciences, China) for 24 hours.

Fluorescence in situ hybridization
(FISH) assay

The location of circ_0075723 in THP-1 cells is determined by
FISH. THP-1 cells are fixed with 4% paraformaldehyde and
gradient dehydrated with ethanol. Fluorescent-labeled probe
(I uM) for circ_0075723 is applied during hybridization. We use
DAPI (Beyotime, Shanghai, China) to stain the nucleus
of macrophages.

Luciferase reporter assay

The wild-type (WT) sequence and mutant-type (MUT)
sequences (binding site mutation with miR-155-5p) of
circ_0075723 and SHIP1 were amplified and cloned into
PmirGLO reporter plasmid, respectively. The fusion plasmid was
cotransfected with either miR-155-5p or miR-NC into HEK293T
cells. 48 hours after transfection, the luciferase activity was
measured using Picagene Dual SeaPansy luminescence kit (Toyo

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1095457
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

Inc., Japan) according to the manufacturer’s instructions as
reported (21).

RNase R digestion RNA stability

4 ug total RNA from THP-1 cells was either untreated (control)
or treated with 20 units of RNase R (Epicenter; USA, RNR07250) in
the presence of 1x reaction buffer and incubated for 30 min at 37°C.
RNA was extracted using acid phenol-chloroform after digestion
(5: 1). Then, reverse transcription and qRT-PCR were performed, as
described in the RNA extraction and qRT-PCR section. THP-1 cells
(1 x10°) were placed in 24-well plates and treated with 250 ng/ml
actinomycin D (Act D, Sigma) added to the cell culture medium. The
levels of circ_0075723 and NUP153 were measured at 0, 8, 12, and
24 hrs.

RNA pull-down assay

Biotin-labeled circ_0075723 probe and oligo probe were
obtained from Ribobio. THP-1 cells transfected with circ_0075723
probe or oligo probe were lysed and used for pull-down assay using
the Pierce Magnetic RNA ProteinPull-down Kit (Thermo Fisher
Scientific) in accordance with the instructions. gRT-PCR was used
to detect the expression of specified miRNAs.

ELISA analysis

ELISAs were performed to measure the concentrations of IL-18
and IL-1P protein from supernatants according to the
manufacturer’s instructions (R&D Systems).

Immunoblotting analysis

Immunoblotting analysis was performed as described previously
(19, 22). Densitometry analysis of immunoblot results was conducted
by using Image] software. The results of three replicated experiments
are expressed as mean =+ standard deviation (SD) (primary antibodies
are listed in Supplementary Table 3).

Statistical analysis

All experiments were done in triplicates and replicated at least
three times and all experimental data are presented as the means +
SD. The two-tailed Student t-tests were used for comparisons
between two groups, and one-way or two-way analysis of
variance (ANOVA) were used for multifactorial comparisons.
Statistical analyses were performed with SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA) or GraphPad Prism 8.0 (GraphPad
Software, La Jolla, CA, United States). A value of P < 0.05 was
considered to indicate a statistically significant difference.
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Results

Specifical expression profiles of circRNAs
in pneumonia-induced sepsis

To determine circRNAs expression profiles and to identify those
that are differentially expressed in pneumonia-induced sepsis, we
selected healthy people and pneumonia patients without sepsis as
controls and performed RNA-seq analysis of circRNA in the plasma
of these three groups. In total, 32,229 circRNAs were expressed in the
plasma samples among the healthy people, pneumonia patients
without sepsis and pneumonia-induced sepsis patients
(Supplementary Table 4). Using the cutoft values of fold change
> 2.0 and P < 0.05, 382 circRNAs showed significantly differential
expression between the pneumonia-induced sepsis patients and
healthy people, including 233 circRNAs that were upregulated and
149 circRNAs that were downregulated (Supplementary Tables 5, 6)
(Figures 1A, B, Supplementary Figure 1). Meanwhile, 172
differentially expressed circRNAs were detected between the
pneumonia-induced sepsis patients and pneumonia patients
without sepsis, in which 98 of them were upregulated and 74 were
downregulated (Supplementary Tables 7, 8) (Figures 1A, B). Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis of differentially expressed circRNAs were showed in
Supplementary Figure 2. GO enrichment analysis showed that the
differentially expressed circRNAs were involved in the biological
processes, such as cell energy metabolism and histone modification.
On the other hand, KEGG analysis revealed that RNA transport and
MAPK signaling pathway, which is associated with inflammatory
activation of macrophages, was related to the differential expression
of circRNAs. Of all the differential circRNAs, we chose markedly
downregulated circ_0075723 for next investigations because one of its
most likely targeted gene, SHIP1(Src homology 2 domain-containing
inositol-5-phosphatase 1), had been previously documented to be one
of the negative regulators of TLR4 signaling which was involved in
regulating NLRP3 inflammasome activation and pyroptosis (23, 24).
Furthermore, we validated the expression of circ_0075723 in CD14"
monocytes by qRT-PCR among the three groups and found that
circ_0075723 was significantly downregulated in pneumonia-induced
sepsis patients comparing to the other two groups (Figure 1C). Taken
together, we screened multiple differently expressed circRNAs in
pneumonia-induced sepsis compared to healthy people and
pneumonia without sepsis by RNA-seq and validated the
significant downregulation of circ_0075723 in pneumonia-induced
sepsis, the differential expression of circRNAs from sepsis suggest
possible functions of circRNAs in pathogenesis of sepsis.

The characterization of the circ_0075723

Circ_0075723, located at chr6:17648038-17649531, which is
derived from the human NUPI53 gene and generated by back-
splicing mechanism (Figure 2A). The sequence was located at the
back-splice junction location of circ_0075723 according to Sanger
sequencing (Figure 2B). Further, we treated THP-1 cells with RNase
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FIGURE 1

Specifical expression profiles of circRNAs in pneumonia-induced sepsis. (A) Hierarchical cluster analysis of differentially expressed circRNAs between the
two compared groups of plasma. (B) Volcano plots showing the differentially expressed circRNAs among the three groups [Plot of circRNA expression
log2-transformed fold-changes (x-axis) vs -log10 P-value (y-axis)]. The red dots represent the circRNAs having fold change > 2.0 and P < 0.05 between
the two compared groups of plasma. (C) gRT-PCR analysis of circ_0075723 expression in CD14+ monocytes among the pneumonia-induced sepsis,
pneumonia without sepsis and healthy control group. Each group has 4 samples. Data are presented as means + SD; significant difference was identified

with one-way ANOVA. ***p < 0.001 vs. Control or Pneumonia.

R exonuclease or actinomycin D to confirm circ_0075723
authenticity and found that the expression of circ_0075723
exhibited RNase R (Figure 2C) and actinomycin D resistance
(Figure 2D), while that of NUP153 mRNA was significantly
decreased. This indicated circ_0075723 was stable in THP-1 cells.
We then investigated the sub-cellular location of circ_0075723. By
RNA fluorescence in situ hybridization (FISH) assays, we found
circ_0075723 was mainly localized in the cytoplasm (Figure 2E).
These studies indicated that circ_0075723 as a circRNA, its
biological stability may be advantageous to its function.
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Pyroptosis is activated following
pneumonia-induced sepsis and
Circ_0075723 inhibits pyroptosis of THP-1
in vitro

We then analyzed circ_0075723 function in pneumonia-
induced sepsis. Given that pyroptosis, a typical inflammatory cell
death, is a major features/characteristics of sepsis (7, 9), we
wondered whether circ_0075723 was involved in the regulation of
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The characterization of the circ_0075723. (A) The location of circ_0075723 in genome. (B) Sanger sequencing showing the "head-to-tail" splicing of
circ_0075723 in THP-1 cell. (C) gRT-PCR analysis of the expression of circ_0075723 and NUP153 in THP-1 cells after treatment with RNase R. Data
are presented as means + SD; significant difference was identified with two-way ANOVA. **p < 0.01; ns: no significant. (D) gRT-PCR analysis of the
expression of circ_0075723 and NUP153 in THP-1 cells after treatment with actinomycin (D) Data are presented as means + SD; significant
difference was identified with Student t-tests. **p < 0.01, ***p < 0.001 (E) RNA FISH for circ_0075723. Nuclei were stained with DAPI

FIGURE 2

macrophage pyroptosis. Firstly, we found that CD14+ monocytes
from pneumonia-induced sepsis patients had considerably greater
levels of the proteins TLR4, NLRP3, ASC1, cleaved caspase-1, IL-1,
and GSDMD in contrast to pneumonia patients without sepsis and
healthy people (Figure 3A, Supplementary Figure 3A). In addition,
pneumonia-induced sepsis patients showed a markedly enhanced
expression of IL-18 and IL-18 from plasma in comparison to
pneumonia patients without sepsis and healthy people
(Figure 3B). These results indicated that pyroptosis is activated in
pneumonia-induced sepsis. Due to the markedly downregulated
expression of circ_0075723 in CD14" monocytes from pneumonia-
induced sepsis patients, we next examined the specific role of
circ_0075723 in pyroptosis of pneumonia-induced sepsis. By
usage of different doses of LPS together with nigericin to induce
pyroptosis of THP1 in vitro, we found that LPS/nigericin treatment
increased the production of proteins and cytokines associated with
pyroptosis, including TLR4, NLRP3, ASCI, cleaved caspase-1, IL-
1B and GSDMD, whereas downregulated the expression of
circ_0075723 in a manner dependent on dose (Figures 3C, D). To
further examine the direct impacts of circ_0075723 in macrophage
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pyroptosis, we transfected the circ_0075723-overexpressing vector
(OE-circ_0075723) or circ_0075723 silence vector (sh-circ_0075723)
to overexpress or knockdown circ_0075723 expression in LPS/
nigericin-treated THP-1 cells (Figure 3E). Subsequently, we
choose sh2-circ_0075723 for further experiments due to the
relatively lower expression of circ_0075723 in transfected THP-1
cells than shl-circ_0075723 and sh3-circ_0075723 (Supplementary
Figure 3B). Overexpression of circ_0075723 in THP-1 cells showed
a strong inhibition of pyroptosis-related proteins and cytokines
expression, while silencing of circ_0075723 exhibited the opposite
effect (Figures 3F, G, Supplementary Figure 3C). In general, these
studies indicate that macrophages pyroptosis is activated in
pneumonia-induced sepsis patients and circ_0075723 essentially
prohibits macrophages pyroptosis in vitro.

Circ_0075723 functions as a sponge for
miR-155-5p in THP-1

Based on bioinformatic predictions from the miRanda and
TargetScan databases, miR-155-5p was predicted to bind with
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FIGURE 3

Pyroptosis is activated following pneumonia-induced sepsis and Circ_0075723 inhibits pyroptosis of THP-1 in vitro. (A) Western blot analysis of
TLR4, NLRP3, ASC1, caspasel, cleaved caspase-1, Pro-IL1B, IL-1B, GSDMD and GAPDH in CD14+ monocytes from pneumonia-induced sepsis,
pneumonia without sepsis and healthy people. (B) ELISA of IL-18 and IL-1f in the plasma from pneumonia-induced sepsis, pneumonia without
sepsis and healthy people. Each group has 4 samples. Data are presented as means + SD; significant difference was identified with one-way ANOVA.
*p < 0.05 vs. Pneumonia; **p < 0.01 vs. Pneumonia; ***p < 0.001 vs. Control. (C) Western blot analysis of TLR4, NLRP3, ASC1, caspasel, cleaved
caspase-1, Pro-IL1B, IL-1B, GSDMD and GAPDH in THP-1 cells primed with different doses of LPS (0.1, 0.5 and 1 pg/ml) for 4 h and stimulated with
nigericin (10 uM) for 2h. Data are presented as means + SD; significant difference was identified with two-way ANOVA. ***p < 0.001 vs. PBS; ns: no
significant. (D) gRT-PCR analysis of the expression of circ_0075723 primed with different doses of LPS (0.1, 0.5 and 1 ug/ml) for 4 h and stimulated
with nigericin (10 uM) for 2h in THP-1 cells. Data are presented as means + SD; significant difference was identified with Student t-tests. *p < 0.05 vs.
PBS; **p < 0.01 vs. PBS. THP-1 cells were transfected with vector or shRNA scrambled control (shRNA NC) or were transfected with circ_0075723-
overexpressing lentivirus plasmids (OE-circ_0075723), sh-circ_0075723-expressing lentivirus plasmids (sh-circ_0075723), vector or shRNA
scrambled control (shRNA NC) and then were primed with LPS (1 pg/ml) for 4 h and stimulated with nigericin (10 puM) for 2h. (E) gRT-PCR analysis of
the expression of circ_0075723 in THP-1 cells. Data are presented as means + SD; significant difference was identified with Student t-tests.

***p < 0.001 vs. vector or shRNA NC; ###p < 0.001 vs. LPS/nigericin + Vector; &&p < 0.01 vs. LPS/nigericin + shRNA NC. (F) Western blot analysis
of TLR4, NLRP3, ASC1, caspasel, cleaved caspase-1, Pro-IL1B, IL-18, GSDMD and GAPDH in THP-1 cells. (G) ELISA of IL-18 and IL-1f in THP-1
supernatant. Data are presented as means + SD; significant difference was identified with Student t-tests. **p < 0.01 vs. vector; ***p < 0.001 vs.
vector or shRNA NC; #p < 0.05 vs. LPS/nigericin + Vector; ##p < 0.01 vs. LPS/nigericin + Vector; &p < 0.05 vs. LPS/nigericin + shRNA NC; &&p <
0.01 vs. LPS/nigericin + shRNA NC.
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FIGURE 4

Circ_0075723 functions as a sponge for miR-155-5p in THP-1. (A) Schematic showing the predicted miR-155-5p sites in circ_0075723. (B) gRT-PCR
analysis of the expression of miR-155-5p in CD14+4+ monocytes among the pneumonia-induced sepsis, pneumonia without sepsis and healthy control
group. Each group has 4 samples. Data are presented as means + SD; significant difference was identified with one-way ANOVA; ***P < 0.001 vs.
Control or Pneumonia. (C) gRT-PCR analysis of the expression of miR-155-5p in THP-1 cells primed with different doses of LPS (0.1, 0.5 and 1 pg/ml) for
4 h and stimulated with nigericin (10 uM) for 2h. Data are presented as means + SD; significant difference was identified with Student t-tests. **p < 0.01
vs. PBS; ***p < 0.001 vs. PBS. (D) THP-1 cells were transfected with vector or shRNA scrambled control (shRNA NC) or were transfected with
circ_0075723-overexpressing lentivirus plasmids (OE-circ_0075723), sh-circ_0075723-expressing lentivirus plasmids (sh-circ_0075723), vector or shRNA
scrambled control (shRNA NC) and then were primed with LPS (1 ug/ml) for 4 h and stimulated with nigericin (10 uM) for 2h. gRT-PCR analysis of the
expression of miR-155-5p in THP-1 cells. Data are presented as means + SD; significant difference was identified with Student t-tests. **p < 0.01 vs.
vector; ***p < 0.001 vs. shRNA NC; #p < 0.05 vs. LPS/nigericin + Vector; &p < 0.05 vs. LPS/nigericin + shRNA NC. (E) RNA pull-down analysis of the
interaction between miR-155-5p and circ_0075723. Data are presented as means + SD; significant difference was identified with Student t-tests.

***p < 0.001 vs. NC group. (F) Dual-luciferase reporter assay was performed to validate the association between miR-155-5p and circ_0075723. Data
are presented as means + SD; significant difference was identified with one-way ANOVA. **p < 0.01 vs. mimic NC group. THP-1 cells were transfected
with vector + mimic scrambled control (mimic NC) or vector + miR-155-5p mimic or were transfected with vector + mimic NC, vector + miR-155-5p
mimic, mimic NC + circ_0075723 lentivirus plasmids (circ_0075723 OE), or miR-155-5p mimic + circ_0075723 OE and then were primed with LPS (1
ug/ml) for 4 h and stimulated with nigericin (10 uM) for 2h. (G) Western blot analysis of TLR4, NLRP3, ASC1, caspasel, cleaved caspase-1, Pro-IL1j, IL-1B,
GSDMD and GAPDH in THP-1 cells. (H) ELISA of IL-18 and IL-1f in THP-1 supernatant. Data are presented as means + SD; significant difference was
identified with Student t-tests. *p < 0.05 vs. vector + mimic NC; **p < 0.01 vs. vector + mimic NC; ***p < 0.001 vs. vector + mimic NC; ##p < 0.01 vs
LPS/nigericin + vector + mimic NC; ###p < 0.001 vs. LPS/nigericin + vector + mimic NC; &&p < 0.01 vs. LPS/nigericin + circ_0075723-OE + mimic
NC.
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circ_0075723, and circ_0075723-miR-155-5p network was depicted
in Figure 4A. Additionally, we found the miR-155-5p level were
considerably higher in CD14+ monocytes of pneumonia-induced
sepsis patients than that of pneumonia patients without sepsis and
healthy people (Figure 4B). Intriguingly, miR-155-5p expression
was dramatically increased in LPS/nigericin-treated THP-1 cells in
dose-dependent manner (Figure 4C). Further, miR-155-5p
expression was modulated via circ_0075723 as miR-155-5p was
downregulated by OE-circ_0075723 and upregulated by
sh-circ_0075723 (Figure 4D). According to these results, we
hypothesized that circ_0075723 may modulate macrophages
pyroptosis by sponging miR-155-5p. Therefore, we performed
RNA pull-down assay to verify the specific connection between
circ_0075723 with miR-155-5p and found that miR-155-5p could
directly interact with circ_0075723 (Figure 4E). Besides, dual-
luciferase reporter assay revealed that miR-155-5p mimics

10.3389/fimmu.2023.1095457

dramatically decreased the activity of the circ_0075723 wild-type
luciferase reporter but had no effect on the Mut luciferase reporter
(Figure 4F). As we had observed that circ_0075723 could inhibit
macrophages pyroptosis, we further adopted the rescue trials to find
that miR-155-5p mimics could partly reduce protective effect of
circ_0075723 on macrophages pyroptosis (Figures 4G, H,
Supplementary Figure 4). Collectively, our findings indicated that
circ_0075723 acts as a “molecular sponge” for miR-155-5p.

Circ_0075723-miR-155-5p ceRNA
modulates macrophage pyroptosis by
directly regulating SHIP1

To further study the downstream mRNA targets of
circ_0075723-miR-155-5p ceRNA network, bioinformatic analysis
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Circ_0075723-miR-155-5p ceRNA modulates macrophage pyroptosis by directly regulating SHIP1. (A) Schematic showing the predicted miR-155-5p
sites in SHIP1. (B) Dual-luciferase reporter assay was performed to validate the association between miR-155-5p and SHIP1. Data are presented as
means + SD; significant difference was identified with one-way ANOVA. **p < 0.01 vs. mimic NC group. (C) Western blot analysis of SHIP1 and
GAPDH in CD14+ monocytes from pneumonia-induced sepsis, pneumonia without sepsis and healthy control group. Each group has 4 samples.
Data are presented as means + SD; significant difference was identified with one-way ANOVA. **P < 0.01 vs. Pneumonia; ***P < 0.001 vs. Control.
(D) Western blot analysis of SHIP1 and GAPDH in THP-1 cells primed with different doses of LPS (0.1, 0.5 and 1 ug/ml) for 4 h and stimulated with
nigericin (10 uM) for 2h. Data are presented as means + SD; significant difference was identified with Student t-tests. *p < 0.05 vs. PBS; **p < 0.01 vs
PBS. (E) THP-1 cells were transfected with vector + mimic scrambled control (mimic NC) or vector + miR-155-5p mimic or were transfected with
vector + mimic NC, vector + miR-155-5p mimic, mimic NC + circ_0075723 lentivirus plasmids (circ_0075723 OE) or miR-155-5p mimic +
circ_0075723 OE and then were primed with LPS (1 ug/ml) for 4 h and stimulated with nigericin (10 uM) for 2h. Western blot analysis of SHIP1 and
GAPDH in THP-1 cells. Data are presented as means + SD; significant difference was identified with Student t-tests. *p < 0.01 vs. vector + mimic NC;
#p < 0.05 vs. LPS/nigericin + vector + mimic; ##p < 0.01 vs. LPS/nigericin + vector + mimic; &&p < 0.01 vs. LPS/nigericin + circ_0075723-OE +
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Frontiers in Immunology

78

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1095457
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

of the TargetScan database revealed that miR-155-5p could target
the 3’-untranslated region (UTR) of SHIP1 (Figure 5A). By dual-
luciferase reporter assay, we showed that miR-155-5p mimics
significantly inhibited the wild-type luciferase reporter activity of
SHIP1 and validated the connection relationship between SHIP1
and miR-155-5p (Figure 5B). Therefore, SHIP1 might be the gene of
interest for miR-155-5p. Additionally, SHIP1 expression was
markedly diminished in CD14" monocytes of pneumonia-
induced sepsis patients compared with that of pneumonia
patients without sepsis and healthy people (Figure 5C).
Corroborating with the clinical findings, vitro tests also confirmed
that LPS/nigericin treatment suppressed SHIP1 expression in a
dose-dependent way (Figure 5D). As it had reported that SHIP1 was
involved in the interplay of miR-155 and TLR4 activation by acting
as a key negative regulator of TLR4 signaling (23, 25, 26), while
TLR4 signaling might activate NLRP3 inflammasome and promote
alveolar macrophage pyroptosis (24). We hypothesized that
circ_0075723 might inhibit macrophages pyroptosis through
promoting SHIP1 expression by sponging miR-155-5p. To
investigate this assertion, we overexpressed miR-155-5p mimics
in the LPS/nigericin activated THP-1 cells and found that SHIP1
expression was increased in the company of the circ_0075723
overexpression, meanwhile miR-155-5p mimics could markedly
decrease SHIP1 upregulation induced by the circ_0075723
overexpression (Figure 5E). Besides, we further transfected
SHIP1-overexpression lentivirus vector (OE-SHIP1) and (or)
miR-155-5p mimics into the LPS/nigericin activated THP-1 cells,
and found that the production of pyroptosis-related proteins and
cytokines, such as TLR4, NLRP3, ASCI1, cleaved caspase-1,
GSDMD, IL-1B and IL-18, were decreased in OE-SHIP1 group,
meanwhile miR-155-5p mimics could significantly reverse these
effects of SHIP1-overexpression (Supplementary Figures 5A, B).

Overexpression of Circ_0075723 in
macrophages downregulates IL-1 and IL-
18 expression and protects endothelial cell
integrity

The pathological process of sepsis is complex, and the
permeability change caused by vascular endothelial cell damage
has a significant role in the pathophysiology of sepsis (27). We have
shown that circ_0075723 in macrophages could inhibit pyroptosis-
related pro-inflammatory cytokines IL-1f3 and IL-18 expression by
circ_0075723/miR-155-5p/SHIP1 axis, and previous studies had
documented that NLRP3 inflammasome associated cytokines IL-
1B and IL-18 could increase endothelial cells permeability through
inhibiting VE-cadherin expression in endothelial cells (28, 29). We
further evaluated whether circ_0075723 in macrophages could
modulate VE-cadherin expression in endothelial cells through
inhibiting NLRP3 inflammasome associated cytokines IL-13 and
IL-18 by circ_0075723/miR-155-5p/SHIP1 axis. To examine the
proposition, we collected supernatant from aforementioned-LPS/
nigericin activated THP-1 cells bearing altered expression of
circ_0075723, miR-155-5p and SHIPI, and then used them to
culture human lung microvascular endothelial cells (HLMVEC)
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in vitro. Firstly, Western blotting outcomes demonstrated that VE-
cadherin expression in HLMVEC cells was downregulated culturing
in supernatant harvested from LPS/nigericin-treated THP-1 cells in
contrast to control and further dramatically downregulated in
supernatant from sh-circ_0075723-transfected THP-1 cells,
whereas transfected OE-circ_0075723 THP-1 cells supernatant
exhibit the opposite (Figure 6A). Besides, the expression trend of
VE-cadherin in HLMVEC cells was contrary to the expression of
IL-1f and IL-18 in above supernatant (Figure 3G). Furthermore,
rescue tests showed that the effect of circ_0075723 and SHIP1 on
VE-cadherin expression in HLMVEC cells and IL-1f and IL-18
expression in the supernatant could be inhibited by miR-155-5p
mimics (Figures 4H, 6B, C, Supplementary Figure 5B). Collectively,
these results may indicate that Overexpression circ_0075723
downregulates IL-1f and IL-18 expression, promotes VE-
cadherin expression in endothelial cells and further protects
endothelial cell integrity.

Discussion

Sepsis, especially caused by pneumonia, affects a great many
patients all over the world, with high morbidity, mortality and
economic expenses (30). Although comprehension of the
pathogenesis has grown, and modern therapeutic technologies,
such as the use of proper antibiotics, vigorous resuscitation and
organ support have also made great progress, the high mortality rate
caused by sepsis remains a significant issue (17, 31). Therefore, it is
necessary to clarify the potential mechanism to find effective targets
for the treatment of pneumonia-induced sepsis. In this
investigation, RNA-seq was used to determine the expression
profile of circRNAs in the plasma of pneumonia-induced sepsis
patients. Through screening the differentially expressed cicRNAs,
we identified that circ_0075723 as a significantly downregulated
circRNA in the serum and monocytes of pneumonia-induced sepsis
patients as compared to healthy people and pneumonia patients
without sepsis. Moreover, we found that circ_0075723 protected
against macrophage pyroptosis through targeting circ_0075723-
miR-155-5p-SHIP1 axis. In addition, we found that circ_0075723
suppressed macrophage pyroptosis-induced endothelial
permeability by up-regulating VE-cadherin expression. In sum,
we firstly determined the influence of circ_0075723/miR-155-5p/
SHIP1 axis on macrophage pyroptosis, which represents a new
mechanism for pneumonia associated sepsis progression. The
newly identified circ_0075723 may be a possible therapeutic target
for pneumonia-induced sepsis.

It is generally recognized that sepsis pathophysiology is
extremely complex, hence understanding the underlying
molecular mechanisms in the occurrence and development of the
disease is still a prerequisite to find effective biomarkers and specific
treatments to improve survival rate (32). Through regulating the
patients’ immune system against different pathogens, circRNAs
were revealed to be essential for the pathogenesis of sepsis and
sepsis-induced organ dysfunction (33). However, to date, very little
clinical research documented specifically expressed circRNAs in the
peripheral blood of sepsis patients. Recent research showed the
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differential expression of circRNAs in lung tissues of patients with
sepsis-induced ARDS (34). We also reported the expression of
circN4bp1 in the PBMCs being a diagnostic and predictive marker
in ARDS post sepsis (14). In the clinical setting, pneumonia-
induced sepsis is one of the most prevalent causes of sepsis and is
associated with the greatest fatality rate (3, 4). Therefore, we set out
to establish the expression profile of circRNAs using RNA-seq in
the plasma of sepsis originated from pneumonia. We discovered
that there were variations in plasma circRNA expressions from
pneumonia-induced sepsis patients relative to pneumonia patients
without sepsis and healthy people, which could contribute to the
development and course of the disease. Furthermore, we identified
that circ_0075723 was significantly decreased in the plasma and
CD14" monocytes of sepsis patients secondary to pneumonia.
Uncontrolled or excessive inflammation is a hallmark of sepsis.
A increasing body of research has shown that pyroptosis, a distinct
instance of proinflammatory programmed death, contributes to the
excessive inflammatory responses of sepsis and sepsis-related organ
damage (35). Therefore, targeting NLRP3 inflammasome activation
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and the subsequent pyroptosis would be a critical for the therapy of
sepsis. Macrophages, as one of the most important cells of the
innate immune system, play an important role in inflammatory and
immune processes (6). CD14" monocytes are the major
subpopulation of monocytes (36), and several clinical studies have
shown that changes in the number and function of circulating
CD14+ monocytes in patients with sepsis (37-39). However, there
have been no reports of CD14+ monocytes pyroptosis in clinical
patients with sepsis. Recently, LPS-triggered TLR4 signaling is
involved in promoting pulmonary macrophage pyroptosis with
activation of NLRP3 inflammasome and elevated expression of
the pyroptosis-related proinflammatory cytokines IL-1f and IL-18
(24). Platelet endothelial cell adhesion molecule-1 has been shown
to safeguard from sepsis-associated diffuse intravascular
coagulation (DIC) through inhibiting macrophage pyroptosis
(40). In additional, caspase-11-mediated inflammasome activation
and macrophage pyroptosis were controlled by the cAMP
metabolism, which attenuated excessive inflammatory responses
in sepsis (41). Consistently, we did reveal the upregulation of TLR4,
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activation of NLRP3 inflammasome, enhanced cleavage of
GSDMD, IL-1P and IL-18, and increased release of IL-1f and IL-
18 in serum and CD14+ monocytes of pneumonia-induced sepsis
patients comparing to pneumonia individuals without sepsis and
healthy controls, shedding light on the importance of macrophage
pyroptosis in the clinical pathogenesis of sepsis.

Previous studies indicated that circRNAs potentially regulated
the macrophage pyroptosis in other clinical conditions, such as ACS
(16) and renal fibrosis (15). In our study, we also showed this
function in pneumonia-induced sepsis. Since a main way by which
circular RNAs exert their effects is by sponging miRNAs via ceRNA
crosstalk (11), we identified possible miRNAs that interact with
circ_0075723 using bioinformatics. Our study discovered potential
regulatory connections between miR-155-5p and SHIP1, as well as
between circ_0075723 and miR-155-5p. The dysregulation of all
three genes in pneumonia-induced sepsis patients was confirmed in
monocyte/macrophage THP-1 cells. It has been reported that serum
exosome-derived miR-155 promoted macrophage proliferation and
inflammation involved in sepsis-related acute lung injury (42) and
SHIP1 regulated Phagocytosis and M2 Polarization in
Pseudomonas aeruginosa Infection as a negative regulator of
inflammatory responses (43). Previous studies also documented
that SHIP1 is the major target of miR-155 in a wide range of
inflammatory diseases (25, 26) and negatively regulates LPS-
triggered TLR signaling (22). We discovered that miR-155-5p
may bind to the 3'UTR of SHIP1 and suppress its expression,
further upregulating the levels of TLR4, thereby activating
macrophage pyroptosis as evidenced by the enhanced expression
of NLRP3, caspase-1, ASC1, GSDMD and related cytokines as IL-1
and IL-18. In addition, we found that circ_0075723 could increase
SHIP1 expression in macrophage in vitro, whereas miR-155-5p
mimics could partially counteract this impact. We also confirmed
that circ_0075723 could attenuate the macrophage inflammation
and pyroptosis involved in blocking the formation and activation of
NLRP3 inflammasome in vitro. Therefore, we have revealed a new
mechanism of the NLRP3 inflammasome activation through the
circ_0075723/miR-155-5/SHIP1 axis, which has vital clinical
transformation prospects.

One hallmark of acute sepsis is microvessel dysfunction, in
which increased endothelial permeability especially lung vascular
permeability plays pivotal roles in pneumonia origin sepsis (27, 44).
Endothelial permeability is controlled by VE-cadherin, a central
component of endothelial adherens junctions (AJs) that modulate
the integrity of endothelial junctions and lung fluid balance (45, 46).
Previous research demonstrated that pyroptotic immune cells, such
as macrophages, release IL-1B and IL-18, which alter vascular
integrity and cause organ damage (24, 28). For example, over-
released IL-18 caused diabetic retinopathy by increasing retinal
vascular permeability (28), and IL-1B could destroy vascular
integrity during sepsis-induced lung injury through suppressing
VE-cadherin expression in lung endothelial cell (24). Consistent
with these findings, we further discovered that circ_0075723-miR-
155-5p-SHIP1 signaling suppressed IL-1f3 and IL-18, release from
macrophages, which maintained endothelial barrier stability of
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vascular endothelial cells by repressing the VE-cadherin
expression. Future investigations are required to delineate the
consequences and the underlying mechanisms of macrophage
pyroptosis in mediating endothelial cells permeability of sepsis in
vivo and further experiments are needed to verify that circ_0075723
suppressed macrophage pyroptosis in the sepsis mouse model. In
summary, our research uncovers a new mechanism by which
circ_0075723 inhibits macrophage pyroptosis and inflammation
via sponging miR-155-5p, thus enhancing SHIP1 expression.
These findings imply that circ_0075723 may represent a novel
therapeutic target for treating pneumonia-induced sepsis.
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Sepsis is a complex heterogeneous condition, and the current lack of effective risk
and outcome predictors hinders the improvement of its management. Using a
reductionist approach leveraging publicly available transcriptomic data, we describe
a knowledge gap for the role of ACVR1B (activin A receptor type 1B) in sepsis.
ACVR1B, a member of the transforming growth factor-beta (TGF-beta) superfamily,
was selected based on the following: 1) induction upon in vitro exposure of
neutrophils from healthy subjects with the serum of septic patients (GSE49755),
and 2) absence or minimal overlap between ACVRIB, sepsis, inflammation, or
neutrophil in published literature. Moreover, ACVR1B expression is upregulated in
septic melioidosis, a widespread cause of fatal sepsis in the tropics. Key biological
concepts extracted from a series of PubMed queries established indirect links
between ACVRI1B and “cancer’, "TGF-beta superfamily”, “cell proliferation”,
“inhibitors of activin®, and “apoptosis”. We confirmed our observations by
measuring ACVR1B transcript abundance in buffy coat samples obtained from
healthy individuals (n=3) exposed to septic plasma (n = 26 melioidosis sepsis
cases) ex vivo. Based on our re-investigation of publicly available transcriptomic
data and newly generated ex vivo data, we provide perspective on the role of
ACVRIB during sepsis. Additional experiments for addressing this knowledge gap
are discussed.
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Introduction

Sepsisis a heterogeneous syndrome that arises from a dysregulated
host inflammatory response to an infection (1-3). The response is
accompanied by activation of vascular endothelial cells, neutrophils
and platelets which together can contribute to collateral tissue damage
in the vasculature. Inflammation worsen with the influx of neutrophils
to the site of infection. Subsequent clearance of infected neutrophils are
part of the way to the resolution of inflammation (4, 5). Clinical
biomarkers of sepsis have been assessed (reviewed in (6)). Some, like C-
reactive protein and procalcitonin, are routinely used in clinical
practice but have significant limitations. The lack of clinical
biomarkers for risk and outcome prediction hinders the
improvement of sepsis management. As early detection and
treatment of sepsis are key to favorable outcomes, predictive markers
(e.g., gene expression signatures) are needed (7).

In tropical countries, melioidosis is a common cause of community-
acquired infection and associated with high mortality. Melioidosis is
caused by the environmental bacterium, Burkholderia pseudomalleivia
ingestion, inhalation or inoculation. The global incidence of
melioidosis is estimated to be 165,000 cases with a mortality rate of
approximately 89,000 cases per year (8). To improve the outcome of
melioidosis patients, there is a need to understand the
immunopathogenesis of severe sepsis from melioidosis.

The ACVRIB gene (ACVRIB) encodes the activin A receptor
type 1B. Activins are a pluripotent growth and differentiation
factors, believed to be involved in numerous processes such as
male germ cell development (9), follicle development (10), stem cell
differentiation (11) as well as immune response (12). Activin
isoforms are dimeric protein complexes and belong to the
transforming growth factor-beta (TGF-beta) superfamily (13).
Activin A is released rapidly into the circulation during
inflammation and has been shown to modulate the inflammatory
response by alteration of cytokine secretion, induction of nitric
oxide production, and regulation of immune cell activity (14).
Activin signaling pathways involve activins binding to a
heteromeric complex of receptors that consist of at least two type
I and two type II receptors. Both types of receptors possess serine-
threonine kinase activity and regulation of gene expression is
signaled via SMAD proteins. The ACVRIB gene encodes a type I
receptor which is essential for activin signaling. Mutations in this
gene are associated with cancer (15), cell proliferation (16).

High-throughput profiling technologies have revolutionized
biomedical research by enabling assessment of physiological as well
as pathological states of biological systems at an unprecedented depth.
Moreover, an increasing amount of research data is available in public
repositories (e.g., NCBI Gene Expression Omnibus [GEO]). These vast
data collections have been postulated to serve as valuable training
materials for the next generation of biomedical data scientists (17).
Here, we report the upregulation of the ACVRIB gene during sepsis in
human melioidosis and discuss additional possible avenues to
investigate its putative role in the pathogenesis of sepsis. We
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acknowledge that the definition of sepsis may vary in each study and
that it is challenging to properly summarize all interpretations. Also,
the pathophysiology of sepsis is known to differ between age groups,
e.g., neonates vs. adults. In this study, we were interested in the host
response to severe infection across lifespan, experimental settings, and
cell types, therefore, we use the word sepsis or septic as a broad term to
encompass this syndrome which is often appreciated as a continuum of
clinical presentation.

Materials and methods
In silico reductionist approach

Public repositories of articles and data, such as PubMed and
GEO, constitute a vast resource but they can be difficult to explore.
Here we present a logical reductionist approach to investigate
putative novel biomarkers for sepsis.

The steps consist of 1) identifying a gene of interest based on its
differential expression in the pathological/physiological context of
interest, 2) confirming the reproducibility of the initial observation,
3) determining the current body of literature linking the gene and topic,
4) extracting the known biological concepts concerning the gene, and
5) inferring putative novel roles for the gene with literature support.

All datasets were obtained from GEO and used to confirm
the initial findings in relevant clinical settings/samples. Datasets were
selected without prior knowledge of ACVRIB expression levels and
consisted only of human studies in which transcriptome profiles were
generated in septic patients and compared to uninfected controls
(Table 1). The task of identifying datasets was facilitated by using an
interactive database recently created by our group and called SysInflam
HuDB (sepsis.gxbsidra.org/dm3/geneBrowser/filteredSampleSets)
(18). Other relevant information was retrieved from each GEO
entry, such as: the geographic localization of the patient population,
and the type of biological samples.

Ethical approval

The work involving human subjects was approved by the ethical
committee of Faculty of Tropical Medicine, Mahidol University
(approval no. MUTM 2015-002-04, MUTM 2018-046-01 and
MUTM 2018-039-02), Udon Thani Hospital (approval no.6/2561),
Nakhon Phanom Hospital (approval no. IEC-NKP1-No.15/2558), Roi
Et Hospital (approval no. 166/2559), Buriram Hospital (approval no.
BR 0032, 102.3/57), and Surin Hospital (approval no. 21/2560). This
study was conducted in accordance with the principles of the
Declaration of Helsinki (2008) and the International Council for
Harmonization and Good Clinical Practice guidelines. Written
informed consent/assent form was obtained from all participants or
their legal guardians.
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TABLE 1 Demographic characteristics of 26 patients with melioidosis.

Patient characteristics

Median age in years 58 (39-80)

(IQR)

Male (%) 20 (76.9)

Comorbidity (may be represented multiple times)

Diabetes (%) 13 (50.0)

Hypertension (%) 12 (46.2)

None (%) 12 (46.2)

Clinical conditions

Bacteremia (%) 20 (76.9)

Pneumonia (%) 6 (23.1)

Fever

< 15 days (%) 16 (61.5)

> 15 days (%) 2(7.7)
None (% 8 (30.8)

Clinical outcome

Died within 28 days 13 (50.0)

Sample collection

Plasma was collected from 26 patients diagnosed with melioidosis
and 9 healthy subjects. Participants were recruited at five hospitals in
northeastern of Thailand (endemic region for melioidosis): Udon
Thani Hospital, Nakhon Phanom Hospital, Roi Et Hospital, Buriram
Hospital, and Surin Hospial. This study was part of a multi-center
study of patients aged =15 years who were culture positive for B.
pseudomallei from any clinical samples and admitted to the hospitals
between January 2015 and December 2019. The inclusion and
exclusion criteria were described previously by Kaewarpai et al.
(19). Plasma was collected at the time of enrolment (within 24
hours of reporting of the culture results). Patients’ characteristics
and clinical information was obtained from the medical records. Ten
milliliters blood were collected from 3 healthy donors aged more than
18 years old at the Faculty of Tropical Medicine, Mahidol University,
Bangkok and immediately used for cell stimulation.

Buffy coat isolation and plasma stimulation

Bufty coat from EDTA whole blood of three healthy individuals
was isolated by centrifugation at 1500 x g for 15 min. Fresh buffy
coat was diluted three-fold with RPMI 1640 medium (Gibco,
Invitrogen, CA, USA) supplemented with 10% fetal bovine serum
(FBS, Himedia, Mumbai, India), 100 U/ml penicillin (Gibco), 100
pg/ml streptomycin (Gibco), and 2 mM GLutaMAX (Gibco) and
added to 96-well plates (Costar Corporation, Cambridge, MA,
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USA) in duplicate wells at 2x10° cells in 150 pl per well. The cells
were stimulated with 50 pl of plasma from melioidosis patients (n =
26), healthy donors from an endemic area (n = 9) and autologous
donors (n = 3 replicates). Stimulated buffy coat was incubated at
37°Cin a 5% CO, atmosphere incubator for 4 h.

RNA extraction

Total RNA was extracted from buffy coat of healthy donors
following stimulation using the TRIzol® reagent (Thermo Fisher
Scientific, Darmstadt, Germany) according to manufacturer’s
instruction. The RNA was re-purified using the RNeasy Mini Kit
and treated with DNase according to the manufacturer’s instruction
(Qiagen, Valencia, USA). RNA quantity was measured using a
nanodrop spectrophotometer (Thermo Fisher Scientific).

Quantitative reverse-transcriptase PCR

cDNA was generated by the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, USA). Transcription level of ACVRIB was
analyzed using real-time PCR with iTaq Universal SYBR Green (Bio-
Rad). The primers for ACVRIB were: ACVRIB, forward 5’
CAGCAGAACCTTGGCGGTTTA 3, reverse 5° GTTGGCAG
ATCCCAGAGGCTAC 3’ (15) and for a housekeeping gene HuPO
were forward 5° GCTTCCTGGAGGGTGTCC 3’, reverse 5’
GGACTCGTTTGTACCCGTTG 3 ' (20). The PCR reaction was
conducted in the CFX96™™" Real-Time system (Bio-Rad) as follows: 1
cycle of 95°C for 30s followed by 50 cycles of 95°C for 10s and 60°C for
30s. After amplification, melting curve analysis was carried out from
65°C to 95°C. The fold change of ACVRIB expression was calculated
by 2(‘AACt), normalized with ACt = mean Ct of ACVRIB - mean Ct of
HuP0 derived from the same cDNA sample.

Statistical analysis

The average ACVRIB expression was calculated from source
data for case (i.e., sepsis) and control groups in each dataset. To
compare case to control groups, linear fold-changes (FC) were
calculated for each dataset by dividing the average expression of the
cases by the average expression of the control groups. An F-test of
equality of variances was used to determine whether a
homoscedastic or heteroscedastic t-test was adequate to compare
population means. To assess statistically significant difference
in gene expression, a t-test was applied to compute a p-value.
The Mann-Whitney and Kruskal-Wallis tests were used to
compare differences between ACVRIB expression of 3 healthy
donors-derived buffy coat, which was exposed to septic plasma. A
of P < 0.05 was considered statistically significant.
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Results

In silico reductionist approach
identified ACVR1B as differentially
expressed during sepsis

The ACVRIB gene was identified from data we previously
generated (GSE49755) (21). An increase in ACRVI1B transcript
abundance was observed upon the exposure of neutrophils from
healthy donors to plasma of septic patients. Briefly in this study,
polymorphonuclear neutrophils (PMNs) were obtained from two
healthy donors, isolated, and incubated for 6 hours with the plasma
from 12 patients with confirmed melioid sepsis and 12 uninfected
controls, respectively. PMN transcriptional profiles were generated
using Illumina Bead arrays. As shown in Figure 1A, ACVRIB gene
expression levels and variance between exposure to plasma from the
control and septic groups were significantly different (Figure 1B;
Additional File 1).

The current body of literature on the overlap of ACVR1B on
one hand and sepsis, inflammation, or neutrophil on the other hand
was assessed. Literature was retrieved using a PubMed query which
comprised the official gene symbol, name and known aliases for
ACVRI1B, with the search restricted to the title and abstract:
ACVRIB[tw] OR ACTRIB[tw] OR ALK4[tw] OR SKR2[tw] OR
Actr-IB[tw] OR ALK-4[tw]. As of August of 2022, this query
returned 510 results. In a Boolean search, no overlap was found
between the ACVRIB literature and the search term “sepsis”.
Extending the search to the literature on inflammation and
neutrophil returned 13 and 2 articles, respectively. Supplementary
Figure 1 summarizes the number of articles returned in the
respective searches.

10.3389/fimmu.2023.1072732

The increase in ACVR1B transcript
abundance in the context of sepsis was
validated in independent datasets

Datasets relevant to septic conditions (clinically or experimentally)
were retrieved from GEO, made available on Gene Expression Browser
(GXB) GXB, and used for independent validation of our initial finding.
The characteristic of the datasets retrieved are shown in Figure 2 and
Supplementary Table 1. These datasets encompassed gene expression
profiling of in-vivo, ex-vivo and in-vitro experiments, and were all
derived from human samples. Various inflammatory conditions,
including cell exposure to bacterial products, were evaluated in case-
control designs. Strong evidence (p < 0.05) for an increased ACVRIB
expression in sepsis was found in 6 out of 11 datasets. The other five
datasets had a p-value between 0.1 and 0.05. Four of those datasets were
from experiments performed in-vitro. These four in vitro experiments
all have smaller sample size (ranging from 3 to 17) when compared to
the in-vivo experiments (ranging from 13 to 127). Te magnitude of
ACVRIB expression was associated with the experimental conditions,
such as the cell types used and whether plasma of septic patients or
synthetic bacterial components (e.g., bacterial lipopolysaccharide)
was used.

Regulation of cell survival and proliferation
indirectly links ACVR1B with sepsis

As a first step to bridging the gap between the postulated
upregulation of ACVRIB in sepsis and the rational for this
observation, another systematic literature search was conducted in
PubMed. The following query, restricted to title-words and excluding

A B
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FIGURE 1

Uninfected plasma Septic plasma

Primary observation: upregulation of ACVR1B in neutrophils in response to septic plasma. (A) The study design of dataset. The study was conducted
in adult patients with sepsis in Khon Kaen province, northeast of Thailand. Polymorphonuclear cells (PMN) were isolated from two healthy donors.
Each isolation of PMN was exposed to 20% of heparinized plasma samples which were collected from uninfected patients (n = 12) and patients with
culture-confirmed sepsis (n = 12) for 6 h. The cultures in the presence of medium alone or lipopolysaccharide were used as controls (not shown).
The RNA expression profile was determined using Illumina HumanHT12 V4.0 BeadChips. The dataset was deposited in the NCBI GEO public
repository (GSE49755) (B) ACVR1B expression in neutrophils after exposure to uninfected plasma and septic plasma for 6 h was shown in the graph
The y-axis denotes the quantile normalized intensity values of the probes. The error bar demonstrated the mean + standard deviation. Significant
differences were determined by using the following statistical tests: T-test and F-test which results in p<0.005 (***) and p<0.001, respectively.
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the term “homeobox” to avoid irrelevant gene target (ALK4 can also
referred to Aristaless-like homeobox 4), was executed: ACVRI1BJti]
OR ACTRIB[ti] OR ALK4[ti] OR ALK-4[ti] NOT (“genes,
homeobox”[MeSH Terms] OR (“genes”[All Fields] AND
“homeobox”[All Fields]) OR “homeobox genes”[All Fields] OR
“homeobox”[All Fields]) AND “humans”’[MeSH Terms].

We obtained 33 articles and scanned the titles to extract key
biological processes/terms and fit them into 5 biologically relevant
categories: biological process, biomolecules, pathway, disease, and
cell type. A word-cloud summary of the words contained in the
titles is shown Supplementary Figure 1B. Next, literature searches
were performed on the intersection between ACVRIB and each
of these key biological processes/terms. To maximize the output,
the search queries regarding ACVRIB, and its synonyms were
extended to text words ([tw]) as follows: ACVRI1B[tw] OR
ACTRIB[tw] OR ALK4[tw] OR SKR2[tw] OR Actr-IB[tw] OR
ALK-4[tw]. A summary of the categories and concepts is shown
in Supplementary Figure 1C.

Ex vivo validation of ACVR1B gene
expression in buffy coat exposed to
septic plasma

To test the findings of our in silico exploration, we measured
ACVRIB transcript abundance in the buffy coat from healthy

10.3389/fimmu.2023.1072732

individuals that has been incubated with septic plasma. Septic
plasma obtained from melioidosis patients were used for ex vivo
validation. The clinical characteristics of melioidosis patients are
shown in Table 1. Buffy coats were isolated from three healthy
donors and stimulated for 4 hours with plasma from melioidosis
patients (n=26) and healthy controls from endemic areas (n=9), and
autologous plasma (n=3). ACVRIB expression was measured by
RT-qPCR. Abundance of ACVRIB transcripts was significantly
higher in cells from two healthy donors (HC-01 and HC-02)
stimulated with plasma of melioidosis patients compared with
plasma of healthy donors (p < 0.01) (Figure 3).

ACVRI1B gene expression in buffy coat
exposed to plasma and characteristics of
melioidosis patients

As melioidosis is associated with many underlying diseases, the
patients’ preexisting conditions/status and potential consequences
(i.e., bacteremia, pneumonia) of an infection with B. pseudomallei
were examined as factors of ACVRIB gene expression in buffy coat
after exposure to plasma of melioidosis patients. Blood cells of 3
healthy donors were incubated with plasma from patients with
melioidosis. ACVRIB expression was significantly different between
survivors and non-survivors (p<0.05), but no differences were found
between male and female, diabetes and non-diabetes, bacteraemia

FIGURE 2

In silico validation of ACVR1B gene expression in sepsis. Characteristics of 11 datasets are shown in a concentric circle chart with each segment
representing one dataset. From the outside to the inside, the following information is depicted: Gene Expression Omnibus (GEO) identification
number, country in which samples were acquired, study population, sample type, and analysis platform. The inner 2 circles represent the fold-
change (FC) and the p-value for comparing samples from septic patients to healthy controls. Average ACVR1B expression was calculated from
source data for sepsis and control groups in each dataset and used to calculate FC. * Dataset contains gene expression data of healthy individuals as
well as patients with sepsis caused by (B) pseudomallei and sepsis caused by other pathogens. Two comparisons were performed for this dataset.
However, FC and p-value are only shown for patients with sepsis caused by (B) pseudomallei and compared to healthy controls. * In this study, gene
expression from neutrophils harvested from patients with sepsis-induced acute lung injury and stimulated with High Mobility Group Box Protein 1
(HMGB1) as well as lipopolysaccharides were compared to neutrophils from healthy controls stimulated in the same manner. Fc and p-value are only
shown for neutrophil stimulation with lipopolysaccharides at 1 hour after incubation. ® In this dataset gene expression of monocytes and
lymphocytes were compared between healthy controls and patients with meningococcal meningitis 24 hours after admission to the pediatric
intensive care unit. Fc and p-value are only shown for AVCRI1B expression in monocytes.
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FIGURE 3

Ex vivo validation of ACVR1B upregulation in buffy coat in response
to plasma from septic melioidosis patients. Buffy coat was isolated
from heparinized whole blood of three healthy individuals (HC_01,
HC_02 and HC_03). Each isolation of buffy coat was exposed to
25% plasma obtained from melioidosis patients (n = 26), healthy
control in endemic area (n = 9) and autologous plasma (n = 3, i.e.,
replicates). ACVR1B gene expression of stimulated buffy coat were
determined by RT-gPCR. Fold change in ACVR1B gene expression
represent the response to exposure to melioidosis, healthy control,
and autologous plasma. Scatter plots of ACVR1B expression show
fold changes of buffy coat exposed to different plasma samples.
Shown are the medians with interquartile ranges and each dot
represents data obtained from one individual sample. A Kruskal-
Wallis test was performed for comparison and two-tailed P values
were calculated. Comparision with statistically significant differences
are indicated (*p <0.05; **p <0.01).
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and non-bacteremia, hypertension and non-hypertension,
pneumonia, and non-pneumonia (Supplementary Figure 2).

Discussion

High-throughput profiling technologies have changed our
understanding of biological systems. More and more data are
shared in public repositories, paving new avenues for exploration
of these datasets from various angles. Following this approach, we
described how we identified and validated the changes in ACVRIB
gene expression in septic melioidosis in silico and ex vivo.

We provided evidence that the ACVRIB gene is upregulated
during sepsis, a finding that is substantiated by its known
physiological role (e.g., in cell proliferation and apoptosis). To
our knowledge there is no previous assessment of ACVRIB in
melioidosis. Although induction of ACVRIB transcription was
observed in several cohort studies assessing adult and pediatric
sepsis, additional experimental data are necessary to confirm the
role of ACVRIB in sepsis. Validation of our preliminary findings
could be achieved by an in vitro culture system by exposing
neutrophils to septic plasma from patients as it was done in the
initial study described in Figure 1. Furthermore, changes in ACVRIB
gene expression can be confirmed through qPCR in healthy whole
blood, leukocytes and neutrophils (negative selection purification)
upon exposure to septic plasma. Knowing that not all mRNA
transcripts are translated and resulting in protein formation, a next
step would be to verify whether an increase in abundance observed at
the transcript level translates in increase in protein abundance.

We observed variable responses from HC-03 to septic plasma
which suggest other physiological factors influenced the host
production of ACVRIB. Our healthy donors satisfied the
inclusion/exclusion criteria (Supplementary Table 2) and had
similar age. There is no evidence that would lead us to think that
sex and blood type can affect ACVRIB expression in response to
septic plasma. Of note, however, single nucleotide polymorphisms
(SNP) in the ACVRI1B gene have been associated with increased
risk of lung cancer from tobacco smoke exposure (22). Another
more recent study found possible implication for ACVRIB gene
SNPs in chronic obstructive pulmonary disease (23). Based on these
observations linking ACVRIB and inflammatory conditions, we
speculate that ACVRIB polymorphisms may be one of the factors
influencing gene expression in the HC-03 individual. While we
didn’t look at gene polymorphisms of the healthy donors in this
study, the subject will remain a point of interest for future work.

Additional inferences can be made by exploring the literature on
ACVRIB. For example, during the latency period in human
cytomegalovirus infections, miR-UL148D is one of the most
expressed micro-RNAs (miRNA) in myeloid cells and directly
targets ACVRIB (16). This result could suggest that ACVRIB is the
target of an immune evasion strategy employed by the virus. It could be
of interest to measure the co-expression of miRNAs during sepsis and
assess if, in particular, miR-UL148D correlates with ACVRIB gene
expression and the severity of symptoms. Interestingly, another
miRNA, miR-199a-5p, has been shown to inhibit monocyte/
macrophage differentiation by targeting ACVRIB (24); additional
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downstream experiments could aim to associate miR-199-5p
expression with the immune responses from monocyte/
macrophages. Finally, other mechanisms for the increased
expression of ACVRIB may involve the regulation of apoptosis in
leukocytes. Apoptosis in immune cells, such as neutrophils, can help
eliminate infected cells, thus reducing the pathogen burden.
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The macrophages regulate
intestinal motility dysfunction
through the PGE2 Ptger3
axis during Klebsiella
pneumonia sepsis

Hua Yao, Xin Fu, Qian Xu, Tingting Li, Yao Li,
Yan Kang* and Qin Wu*

Department of Critical Care Medicine, West China Hospital, Sichuan University, Chengdu, China

Introduction: Gut motility dysfunction, the most common complication of post-
septic organ dysfunction, depends on immune and neuronal cells. This study
aimed to investigate the mechanisms that activate these cells and the
contribution of macrophages to the recovery of intestinal motility dysfunction
after sepsis.

Materials and methods: Postoperative gut motility dysfunction was induced by
establishing Klebsiella pneumonia sepsis in mice with selective deletion of
neutrophils and macrophages in the gut. The distribution of orally
administered fluorescein isothiocyanate-dextran and carmine excretion time
was used to determine the severity of small bowel disease. The effect of
macrophages on intestinal motility was evaluated after prostaglandin E2 therapy.

Results: We found that muscular neutrophil infiltration leading to neuronal loss in
the intestine muscle triggered intestinal motility dysfunction after pneumonia
sepsis; however, reduced neutrophil infiltration did not improve intestinal
motility dysfunction. Moreover, macrophage depletion aggravated gut motility
dysfunction. The addition of macrophages directly to a smooth muscle was
responsible for the recovery of intestinal motility.

Conclusion: Our results suggest that a direct interaction between macrophages
and smooth muscle is neurologically independent of the restoration of intestinal
dysmotility.

KEYWORDS

macrophages regulate intestinal motility dysfunction sepsis, immunity, neutrophils,
muscular neurons, intestinal muscular macrophages

Abbreviations: KP, Klebsiella pneumonia; MM¢s, muscularis macrophages; TRP, transient receptor
potential; RNA, ribonucleic acid; BSA, bovine serum albumin; SMC, smooth muscle cells; PGE2,

prostaglandin E2; NO, nitric oxide; CLP, cecal ligation and puncture; ICCs, interstitial cells of Cajal.
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GRAPHICAL ABSTRACT

[llustration of normal intestine motility and sepsis intestine motility. CSF1: Colony stimulating factor 1, GPCRs: G-protein-coupled receptors. Ptger3:

Prostaglandin E Receptor 3. Created with BioRender.com.

1 Introduction

Klebsiella pneumonia (KP) is a common leading cause of sepsis
in humans and is characterized by high morbidity and mortality (1).
Notably, Klebsiella bacteria causes pneumonia, urinary tract
infections, and bloodstream infections, among other diseases (2).
The mouse model of pneumonia replicating manifestations of KP in
humans is being used to explore related diseasemechanisms,
including massive inflammation, edema, and an influx of
polymorphonuclear neutrophils (3).

Intestinal dysfunction contributes significantly to the
development of potentially fatal infections and multiorgan
dysfunction (4). Therefore, the development of intestinal
dysmotility in sepsis is recognized as a major complication.
Although several intestinal dysfunction pathogenic mechanisms
caused by sepsis have been proposed, the mechanisms underlying
this process are poorly understood.

Smooth muscle contraction or relaxation is widely known to
play a crucial role in gastrointestinal motility (5). However, the
immune and nervous systems of the gut have been reported to
detect and integrate intraluminal signals to regulate physiological
processes, including gastrointestinal motility.

Furthermore, neutrophils are the most abundant subset
of leukocytes in the bloodstream. They are the first line of
defense of the host during tissue injury or infection (6). The
induction of a pro-inflammatory environment within the injured
tissue results in an influx of neutrophils and monocytes (7). For
example, in mice with experimental colitis. Neutrophils impair
intestinal permeability, causing bacterial translocation to
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generate inflammation, In addition, they induce epithelial cell
apoptosis and disrupt the integrity of tight junctions and
adherent junctions, resulting in colon motility dysfunction (8).
However, macrophages have many properties and play vital roles
in tissue homeostasis throughout the body (9). It has been
reported that muscularis macrophages (MM¢s) are a particular
subpopulation of intestinal macrophages, anatomically and
physically associated with the myenteric plexus (10). In
postoperative ileus, IL-10 produced by intestinal MM¢s affects
the migration of neutrophils to the intestinal muscularis by
regulating the expression of neutrophil chemokines,
contributing to the healing process of postoperative ileus and
solving the occurrence (11).

The transient receptor potential (TRP) family in the
gastrointestinal tract is highly expressed and can regulate
physiological functions, such as gastrointestinal motility, visceral
secretion, and visceral hypersensitivity (12). TRP channels are a
superfamily of transmembrane cation channels; TRPC (Canonical),
TRPV (Vanilloid), TRPA (Ankyrin), TRPM (Melastatin), TRPML
(Mucolipin), and TRPP (Polycystin) are the six subfamilies of this
superfamily, the majority of which are related to Ca2+ influx (13).
They are triggered by endogenous, chemical, mechanical, thermal,
osmotic, and other signals and may be crucial regulators of various
gastrointestinal tract functions (14). Notably, TRPV1 is reportedly
activated by submucosal plexus-expressed capsaicin and associated
with stress-induced visceral hypersensitivity (15). Inspired by the
co-stimulatory properties of these natural products, investigating
whether sepsis stimulates gastrointestinal motility via a similar
mechanism would be worthwhile.
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2 Materials and methods
2.1 Animals

The Dashuo Laboratory (Chengdu, China) provided C57BL/6
specific pathogen-free WT female mice bred at the West China
Hospital Frontiers Science Center for Disease-related Molecular
Network following HuaXi guidelines. In addition, all animal
experiments were approved by the Institutional Animal Care and
Use Committee, West China Hospital (study number:20220211010).
Neutrophils were exhausted using the anti- Ly6g mAb RB6-8C5
(BioXCell, New Hampshire, USA). Furthermore, mice were
intravenously administered mouse anti-Ly6gmAb RB6-8C5 (0.1
mg/day) a day before KP infection to deplete neutrophils.
Meanwhile, 200 uL of clodronate-containing liposomes were
injected intravenously to deplete MM¢s (YEASEN, Shanghai,
China) 24 h before KP infection. Finally, flow cytometry was used
to confirm the effectiveness of neutrophil and macrophage depletion
in the KP-infected mice.

2.2 Pneumonia lung infection

KP strain was cultivated in tryptic soy broth at 37°C for 16 h.
Subsequently, 750 pL of the tryptic soy broth culture was added to
30 mL of fresh broth, and the organism was grown for an additional
2 h to achieve log phage. The bacteria were pelleted for 10 min by
centrifugation at 4,500 rpm, washed in cold sterile normal saline,
and resuspended at the desired concentration. Subsequently, the
absorbance at 600 nm was used to calculate KP concentration.
Finally, the mice were briefly sedated with isoflurane pre-
inoculation. The bacterial inoculum (30 uL) was applied using a
pipette tip to the trachea of a mouse and was involuntarily inhaled.

2.3 RNA isolation and blood enzyme-linked
immunosorbent assay

Total RNA samples were isolated from intestine muscularis
using TRIzol reagent (Invitrogen, Thermo Fisher Scientific). Briefly,
separating intestine muscularis and using liquid nitrogen quick
freezing, then extracted with ethanol, isopropanol, and chloroform.
A Thermo Fisher Scientific Superscript III Reverse Transcriptase kit
was used to create cDNA, and RT-PCR was performed using a Bio-
Rad machine. The data were subjected to relative quantification
using 18S ribosomal RNA (2-AACt) as a control. Each sample was
analyzed thrice. A list of RT-qPCR primers used is provided in
Table 1. At 12 hours and 1 day after the control or KP sepsis

TABLE 1 Primer sequences of mouse Ccl5 and Actgl.

10.3389/fimmu.2023.1147674

operation (n=6 per group), mice were euthanasia and rapidly
harvested blood samples. Blood samples clot for 30 min at room
temperature and then centrifugation for 15 min at 1000 g.
Subsequently the supernatants were saved at —80 °C for detection.
Blood supernatant protein concentration was measured by enzyme-
linked immunosorbent assay kits for IL-1f (R0201-1, Nuohe Bio,
Chengdu, China), IL-6 (R0201-6, Nuohe Bio, Chengdu, China),
lactic acid (R0201-19, Nuohe Bio, Chengdu, China), TNFo (R0201-
8, Nuohe Bio, Chengdu, China), and CCL5 (R0201-12, Nuohe Bio,
Chengdu, China) to detect expression levels. These assays were
carried out according to the instructions provided by the
manufacturer. Each sample was detected twice at least.

2.4 Measurement of small intestinal transit

Each mouse received an oral dose of carmine (50 uUL; 3 mg of
carmine in 0.5% methylcellulose). Subsequently, the mice were put
back in separate cages and placed on a blank piece of paper, the
duration for the first red feces to be excreted was noted.
Furthermore, five to ten animals of each genotype were used to
measure the gut transit time.

2.5 Flow-cytometry

The muscularis layers of 9 or 12 mice per group were harvested
for further analyses to collect enough intestinal muscularis propria
neutrophils and macrophage cells. A single-cell suspension was
prepared as described previously (16). Briefly, the intestinal
muscularis layer tissue was cut into 1-2 mm, and added to 8 mL
HBSS (Gibco, America) of digestion solution containing 10 mg/L II
collagenase (9001-12-1, Sigma, Germany), 2.4mg/mL II dispase
(D6430, Solarbio, Beijing, China), 0.lmg/mL DNase I (D8071,
Solarbio, Beijing, China), 1 mg/mL bovine serum albumin
(V900933, Sigma, Germany), and 0.7 mg/L soybean trypsin
inhibitor (T8031, Solarbio, Beijing, China). Furthermore, the
resulting solution was put in a constant temperature water bath at
37°C for 15 min to see the intestinal segment become transparent,
and add 10 mL of HBSS (Gibco, America) containing 5% BSA was
added to stop digestion. Next, it was passed through a 70-mesh sieve
and centrifuged at 400 g/4°C for 7 min, then use 10 mL of DPBS
washing buffer containing 0.04% BSA was used twice.
Approximately, 10 mL of DMEM (Gibco, America) culture
solution was used to resuspend the cells. Finally, the cells were
stained for 30 min at 4°C with the relevant antibodies after
incubation with FcR-block (anti-CD16/32, BioLegend). The
antibodies used in this study are listed in Table 2. Different cell

CCL5 Ptger3

Forward Primer

Reverse Primer
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GCTGCTTTGCCTACCTCTCC

TCGAGTGACAAACACGACTGC

‘ CCGGAGCACTCTGCTGAAG

‘ CCCCACTAAGTCGGTGAGC
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TABLE 2 Sources of commercial antibodies used in flow-cytometry
experiments.

Specificity Fluorochrome Cat# Supplier
CD45 APC 103112 BioLegend
CDl11b PE-Cy7 101216 BioLegend
LY6G PerCP/Cy5.5 127672 BioLegend
LY6C PE 128008 BioLegend
MHCII FITC 107606 BioLegend
DAPI BV421 C1002 Beyotime

populations were captured in PBS with 10% FCS after cell sorting
was completed on the FACSAria IIT (BD Bioscience) platform.

2.6 Immunofluorescence staining and
transmission electron microscopic

We gently separated the smooth muscle from the mucosal
layer using microscopic forceps. One part of muscularis propria
was fixed in 0.1 M phosphate buffered saline containing
4% paraformaldehyde for 4 h at 4°C. After washing in PBS
containing 5% BSA thrice, the muscular tissue of each group
was blocked in blocking solution (PBS containing 0.3% Triton X-
100 (Beyotime), 5% normal donkey serum (Beyotime), and 5%
BSA (Sigma)) for 1 h at room temperature and then incubated at
4°C for 72 h with primary antibody. Table 3 shows the primary
antibodies and secondary antibody staining. Secondary antibody
staining was performed for 2 h. Subsequently, after washing three
times with PBS containing 5% BSA, the nuclei were labeled with
Beyotime’s DAPI for 5 min. For each sample, at least five fields
were blindly evaluated. Another part of muscularis propria was
fixed at 4°C in 0.1 M phosphate buffered 3% glutaraldehyde and
postfixed in 1% osmium tetroxide in the same buffer. After fully
rinsed in distilled water, the samples were dehydrated in graded
acetone series and embedded in SPI-Pon812. Ultrathin sections

TABLE 3 Sources of commercial antibodies used in
immunofluorescence experiments.

Specificity Cat# Supplier
HUC/D A-21271 thermofisher
GFAP Al14673 Abclonal
CD117/ckit A0357 Abclonal
Ptger3 ab21227 abcam
Caspase3 ab104787 abcam
DAPI C1002 Beyotime
Tunnel C1086 Beyotime
Goat Anti-Rabbit IgG H&L ab150077 abcam
Goat Anti-Mouse IgG H&L ab150118 abcam
Goat Anti-Rabbit IgG H&L Ab150083 abcam
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were cut with a Leica EM UC?7 ultramicrotome, and attached to
copper grids with Formvar film, then stained with 2% uranyl
acetate and Reynolds lead citrate and examined under a Hitachi
HT7800 electron microscope at 80 kV.

2.7 Small intestine organ bath experiment

Mice were sacrificed via cervical dislocation, and the small
intestine was excised completely and immediately transferred to a
cold Krebs solution (Solarbio, China). The contents of the intestinal
lumen were removed by gently flushing the lumen with Krebs
solution using a syringe. Subsequently, the same small intestinal site
(2-3 cm) from different groups were carefully mounted longitudinally
and gently suspended using cotton thread from force transducers
before being submerged in 10 mL organ bath chambers filled with
warmed 37°C Krebs solution and gassed with 95% O, and 5% CO,. A
dedicated data collection system was used to record changes in the
tension of the sensor after amplification and processing.

2.8 Isolation of primary intestinal
SMCs and measurement of the
cellular contractile response

The small intestinal muscularis layer of the sepsis mouse model
was peeled off and placed in an ice-cold modified Krebs solution
(G0430, Solarbio, Beijing, China). The tissue was cut into 1-2 mm
small pieces and digested in 6 mL Ca2+ free DPBS solution
containing 100 mg/mL collagenase II (001-12-1, Sigma,
Germany), 100 mg/mL collagenase IV (C8160, Solarbio, Beijing,
China), 1 mg/mL soybean trypsin inhibitor (T8031, Solarbio,
Beijing, China), and 1 mg/mL bovine serum albumin (V900933,
Sigma, Germany). The resulting solution was shaken at 37°C for 30
min. After digestion, DPBS buffer containing 5% fetal bovine serum
was double diluted to stop the digestion and gently blown repeatedly
with a dropper. The solution was then centrifuged at 1 000 r/min for
3 min. Next, 10 mL of DMEM/F12 culture solution containing 10%
fetal bovine serum was used to resuspend the cells. Furthermore, the
sample was passed through a 100-mesh sieve, and centrifuged at
1000 rpm/4°C for 7 min. The cell filtrate was taken and stained with
trypan blue to check the cell viability and confirm that the viable
cells were above 90%. Moreover, after 24 h of DMEM/F12 culture,
the medium was changed, and the non-adherent cells were discared.
DMEM/F12 culture medium was added to continue culturing until
used for experiments. Each group of cells (Sep7d, Sep7d + PGE2,
Sep 7d +PGE2 +EP3 antagonist) was loaded with the Fluo-4
(IF1500, Solarbio, Beijing, China) for 30 min in an incubator
under 37°C and 5% CO2 and subsequently washed gently using
iced DPBS. Finally, using an experimental device (Leica Stellaris
Microsystems, Germany) that combines immunofluorescence and
live cell imaging to capture images, the contraction response of
smooth muscle cells was expressed by the change of intracellular
fluorescence intensity (FI) after using PGE2 and EP3 antagonist to
represent the relative concentration change of intracellular free
calcium, and analyzed by Image] (NIH, Bethesda).
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2.9 Statistical analyses

All statistical analyses were performed using GraphPad Prism
version 8.0(GraphPad Software, Inc., San Diego, CA). We
compared the results of the sepsis and control groups using a T-
test and one-ANOVA to assess the differences between multiple
groups. Differences between groups were significant at a P value of
<0.05. * Represents p <0.001, ** represents p <0.01, and ***
represents p <0.001. All results are shown as mean *

standard deviation.

3 Results

3.1 Alterations of intestinal motor
dysfunction of KP-infected mice

The development of KP sepsis-induced intestinal dysmotility
dysfunction involves multiple pathogenic mechanisms. Therefore,
expanding and deepening our understanding of host defenses and
developing new therapeutic strategies is imperative. First, compared
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with uninfected mice, IL-6, IL-13, TNF-0, and lactic acid levels in
KP-infected mice increased significantly starting at 12 h
(Figure 1A), and the lung wet-to-dry weight ratio after 1 day. In
addition, the pathological sections changed significantly, and the
infiltration of neutrophils and monocytes increased (Figures SIA-
C). Moreover, the clinical score in the sepsis group increased;
however, the body weight decreased significantly, with
approximately 10% weight loss compared with that of the control
group (Figures SID-F).

Gastrointestinal transit was significantly delayed in sepsis mice
compared with that in the control group. The total small intestine
transit time in the control group was similar to that in the sepsis
group pre-operation; however, carmine red and fluorescence in vivo
imaging showed that the total transit time increased after sepsis
(Figures 1B, C). The gastrointestinal wall musculature comprises an
inner circular and an outer longitudinal smooth muscle layer, both
essential for the gastrointestinal tract’s contractile functionality (17).
Our result showed that the thickening of the muscular layer of the
intestine differs between the control and sepsis groups (con vs. sep1d:
17.42 + 2.348 vs. 65.28 + 21.45 pm, P <0.001; con vs. sep3d: 17.42 +
2.348 vs. 101.5 £ 13.89 um, P <0.001; con vs. sep7d: 17.42 + 2.348 vs.

o Control(n=s)
o Sepsis(n=s)

Control Sep 1d Sep 3d Sep 7d

Control Sep1d

Control

Changes after manipulation of Klebsiella pneumonia (KP)-sepsis mice. (A) Changes in plasma IL-6, IL-1B, TNF-co, and lactate levels at 12 and 24 h
after KP sepsis. (B) The carmine red experiment detected changes in intestinal transit time between the control and KP sepsis groups. (C) In vivo
fluorescence imaging of fluorescein 5-isothiocyanate (FITC)-dextran visually displays intestinal motility changes and histograms of statistical results.
(D, E) Control and sepsis 1 day after intestinal whole-mount HUC/D fluorescent staining and statistical histogram of neuron fluorescence area
changes. (F) Transmission electron micrographs of mouse intestinal muscular layer neurons 1 day after control and KP sepsis. (G, H) Control and
sepsis 1 day of intestine transverse HUC/D and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) double fluorescent staining
and statistical histogram of neuronal apoptosis. Differences between groups were significant at a P value of <0.05. * Represents p <0.05,

** represents p <0.01, and *** represents p<0.001
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88.28 +17.31 um, P <0.001) (Figures S1G, H). In addition to smooth
muscle contractile activity, the generation of intestinal contractile
forces is further controlled by the enteric nervous system, which
comprises of interstitial cells of Cajal (ICCs) and the myenteric plexus
(18). We stained adult murine myenteric neurons with a HUC/D
antibody, which has been previously shown to mark intestinal
neurons (19). We observed a significant loss of HUC/D+ neurons
areas by day 1 (mean * SE of percent HUC/D+ neurons areas 5.52 +
1.58 vs. 6.73 + 1.36 at sepsis 1 day vs. control 1 day, from 5 adult
mice) (Figures 1D , E). c¢-Kit immunofluorescence staining of
intestinal cells of ICCs and Glial fibrillary acidic protein
immunofluorescence staining of intestinal glial cells showed no
significant differences between the two groups (Figures S1I, J).
Transmission electron microscopic images of septic enteric neurons
showed swelling, rupture, and vacuolation (Figure 1F). To determine
the impact of lung infections on enteric neuron loss, we quantified
enteric neuron loss with HUC/D and tunnel double staining
according to the manufacturer’s protocol (Beyotime).
Consequently, we found that the number of apoptotic bodies
(TUNEL-positive) increased in the sepsis group (con vs. sepld:
15.64 £ 5.203 vs. 66.25 + 17.01, P =0.002) (Figures 1G, H).

3.2 Upregulated expression of neutrophils
contributes to myenteric neurons loss

Neutrophil activation is required for tissue infiltration,
contributing to inflammatory responses (20), whereas exaggerated
activation and uncontrolled infiltration of neutrophils may cause
sepsis (21). Meanwhile, Mashkaryan and colleagues identified that
macrophages in the brain cause a chronic inflammatory
environment and exacerbate neuronal loss in Alzheimer’s disease
(22). Moreover, an enteric neuron programmed death has been
demonstrated to be closely related to gastrointestinal motility
disorder (23, 24). The early onset of neuronal loss led us to
examine immune cells in the inflamed small intestine. By
immunohistochemistry and immunofluorescence methods, we
found that myeloperoxidase expression significantly increased in
sepsis on day 1 (Figures 2A, B), higher levels of CCL5 occurred at
the plasma level as early as 12 h post-sepsis, and CCL5 mRNA levels
increased in parallel with those in the muscularis (Figures 2C, D).
Since we detected a systemic increase in the amounts of
myeloperoxidase and CCL5, which are known to be associated
with neutrophils, we further detected changes in neutrophils in the
intestinal muscularis using Ly6G-positive cells by flow cytometry;
this showed a significant increase in the proportion of neutrophils at
the time of the most severe intestinal motility dysfunction, which
was the first day after KP infection (Figure 2E). We further assessed
whether neutrophils induce apoptosis in neurons, using flow
cytometry to sort out bone marrow neutrophils and resuspend
them to a concentration of 10° neutrophils/mL. After 24 h of co-
culture with the neuronal cell line PC12-GFP transgenic cells, cells
were stained for immunofluorescence, and the percentages of
caspase3-positive cells were determined. The results showed a
marked increase in the caspase3 percent in sepsis 1-day
(Figures 2F, G). These results show that enteric neuron loss is
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caused by the recruitment and activation of pro-inflammatory
neutrophils. Subsequently, we sought to determine whether
neutrophil blockade could help restore gut motility earlier.
Figures 2H-] showed that neutrophil depletion in vivo reduces
apoptosis of intestinal muscularis neurons; however, it had no
significant effect on sepsis-induced intestinal motility and was
insufficient to restore intestinal motility. In contrast, we observed
that a population of MHCIT™ -expressing cells emerged from sepsis
after 3 days (Figure 2I). MM0s is a newly discovered population of
immune cells exclusively populated by MHCII™ CX3CR1™ that
express low levels of CD1lc (25). MM¢s have a different
transcriptome compared with mucosal M¢s, underlying a unique
function. Muller et al. discovered that MM¢s modulate
gastrointestinal motility through direct intercommunication with
enteric neurons (26). Clodronate-containing liposomes-mediated
depletion of macrophages significantly increased animal mortality
and aggravated dysmotility (Figure 2J). These findings indicated
that in KP sepsis, macrophages might be essential for efficient
recovery of intestinal motility, with neutrophils playing an

insignificant role.

3.3 Muscle contraction caused by
macrophages specific TRPV4 expression
stimulation requires PGE2

In addition to MM¢s interaction with neurons, one recent study
has shown that MM¢s can directly interact with SMCs by releasing
prostaglandin E2 (PGE2), affecting colonic motility(27). Previous
studies have demonstrated that nitric oxide and PGE2, two crucial
inflammatory mediators released by activated intestinal
macrophages, regulate GI motility (28).

We determined whether macrophage- specific TRPV4 and
PGE2 play a similar role in promoting GI movement in
pneumonia sepsis. To determine whether TRPV4 signaling on
MMos could cause macrophage cells to produce PGE2 directly,
we used flow cytometry to separate MHCII™ cells from the
muscularis externa, activated them for 24 h with GSK101
(TRPV4 agonist), and then collected the cell supernatant to
evaluate PGE2 levels. PGE2 released from sepsis-related MMds
was an approximately 1.5-fold increase in response to GSK101
stimulation 7 days mice versus sepsis at day 1 of therapy
(Figure 3A). To explore whether activation of PGE2 secretion by
MMs affects intestinal contractions under physiological conditions,
we applied exogenous PGE2 to the small intestinal segments of mice
isolated from each group using the small intestinal organ bath
system. We measured changes in spontaneous contraction force
and frequency using a dedicated instrument. Compared with the
control group, sepsis 1-day small intestine showed a noticeable
reduction in spontaneous contractions, as illustrated in Figures 3B,
C. Likewise, adding exogenous PGE2 (100 uM) to the organ bath
system of sepsis 1-day mice significantly increased the spontaneous
contraction force. Another study showed that PGE2 differentially
affects GI motility by binding to four membrane-bound G protein-
coupled E-prostaglandin receptors (EP1-EP4), which can increase
or decrease intestinal muscle contraction (29, 30). Our data
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Up-regulates the expression of neutrophils. (A, B) Control and sepsis on day 1 of intestine transverse and intestine whole mount myeloperoxidase
immunohistochemistry, immunofluorescence staining, and statistical histogram of myeloperoxidase fluorescence intensity changes. (C) Changes of
plasma CCLS5 levels 12 and 24 h after KP sepsis. (D) Changes in CCL5 mRNA levels in the intestinal muscularis (E): LY6G* neutrophils in the intestinal

muscularis 24 h after KP sepsis. (F, G) Immunofluorescence staining of PC12-

GFP transgenic cells after co-culture with bone marrow neutrophils

and percentages of Caspase3-positive cells. (H, 1) Control, sepsis 1 day, and neutrophil depletion sepsis 1 day of intestine transverse HUC/D and
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) double fluorescent staining and statistical histogram of neuronal apoptosis
(J) The carmine red experiment detects changes in intestinal transit time between the control, KP sepsis, and neutrophil depletion sepsis groups

(K) The histogram of statistical changes in MHCII™ expressing cell population

s shows the changes in MM¢s detected by flow cytometry

experiments. (L) The carmine red experiment detects changes in intestinal transit time between the control group and KP sepsis and macrophage
depletion sepsis groups. Differences between groups were significant at a P value of <0.05. * Represents p <0.05, ** represents p <0.01, and ***

represents p<0.001

indicated that the recovery of intestinal motor function significantly
increased mRNA levels of Ptger3 in the muscularis externa
(Figure 3D). Moreover, TRPV4 regulation of gut motility was
shown to be dependent on EP3-mediated PGE2 signaling in our
immunohistochemistry and western blot results (Figures 3E-G).
Similarly, we extracted the primary intestinal smooth muscle of
sepsis 7 days mice for in vitro experiments. Fluo4, a well-established
membrane-permeable compound that indicates intracellular Ca2+,
and the change of intracellular calcium ion concentration was used
to replace the movement of the intestinal tract in animals (31, 32).
The laser confocal and incucyte real-time observation results
showed that when we used the EP3 antagonist to primary smooth
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muscle cells in advance, the ability of PGE2 to cause calcium ion
release was weakened (Figures 3H, I, Figure SIK). These results
indicated that the contraction of intestinal smooth muscle caused by
PGE2 depends on the Ptger3 receptor. Collectively, these studies
revealed that macrophage mediated small intestine contraction is
PGE2-dependent.

4 Discussion

The major findings of our study are as follows: intestinal
motor dysfunction owing to KP is associated with damage to the
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Represents p <0.05, ** represents p <0.01, and *** represents p<0.001.

intestinal muscularis neurons; neuronal injury is associated with
the infiltration of muscle-infiltrating pro-inflammatory
neutrophils; and smooth muscle contraction induced by MM¢s
requires PGE2.

KP is a severe multidrug-resistant pathogen in ICU patients
and is associated with high morbidity and mortality owing to
limited treatment options (3). KP is characterized by an enhanced
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inflammatory response with hyper infiltration of neutrophils and
macrophages, massive production of pro-inflammatory
cytokines, and severe lung injury accompanied by damage to
other organs (33). Following the development of pneumonia
sepsis, we observed pulmonary and hepatic edema and marked
intestinal motility dysfunction. It is generally accepted that GI
movement is determined by the synchronized activity of motor
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neurons in the intestinal SMC, ICC, and ENS. In a cecal
ligation and puncture sepsis model, Li et al. found that septic
small bowel motility dysfunction was associated with marked
activation of the IL-17 signaling pathway in the muscularis
propria (34). Miao et al. revealed that lipopolysaccharide
induced septic mouse model dysmotility was associated
with morphological changes in the interstitial cells of ICCs.
Meanwhile, magnolol pretreatment significantly accelerated
intestinal transit, increased muscle contraction, and prevented
ICC morphological changes (35). However, in our study,
intestinal motor dysfunction in mice post- KP sepsis was
mainly related to the loss of intestinal muscularis neurons. The
underlying mechanism involved in neuronal damage is
infiltration with pro-inflammatory neutrophils.

Mikkelsen et al. were the first to identify “macrophage-like” cells
in the muscularis propria of the small intestine using
immunohistochemistry and electron microscopy (36). Muscularis
M® plays a recognized role in regulating innate immunity; they can
also communicate with cells required for motility in the
gastrointestinal tract. For example, one study showed that
muscularis M® increased the production of pro-inflammatory
cytokines and was correlated with decreased ICCs in Hirschsprung
disease (HSCR) associated with intestinal dysmotility (37). Moreover,
EGC-muscularis M® crosstalk was observed in intestinal motility
dysfunction caused by postoperative ileus, which was associated with
muscularis M® elevated IL-1f levels (38). However, this study showed
that TRPV4 muscularis M® promoted GI motility through PGE2,
directly interacting with SMC.

However, our study had some limitations. First, the blocking
agents we used, including neutrophils or macrophages, are for
systemic blocking; knockout mice targeting the intestinal
muscularis should be used to be more convincing. Second, our
choice of bone marrow-derived neutrophils may be biased due to
the low number of neutrophils in the muscle layer to verify cell
experiments. We will improve our experimental technology in the
future. Third, we did not obtain a perfect rescue result regarding
whether exogenous administration of PGE2 after macrophage
blockade changes intestinal motility.

In conclusion, this study showed that infiltrating neutrophils,
leading to neuronal loss, were significantly associated with small
bowel motility dysfunction in mice with KP sepsis. The direct effect
of macrophage secreted PGE2 binding to the Ptger3 receptor on
intestinal smooth muscle can help the motor function recovery of
intestinal neuron damage, which indicates the changes in intestinal
dysmotility function after the occurrence of sepsis. In addition,
further research should focus on changes in the muscle, nerve cells,
and immune cells.
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SUPPLEMENTARY FIGURE 1

Histopathological evaluation between control and Klebsiella pneumonia-
septic mice. (A, C) Gross and hematoxylin and eosin (HE) staining changes
in inflammatory cell infiltration in the whole lung of mice. (D, F) Control and
sepsis mice clinical scores and score indicator related pictures, and weight
loss percent. (G, H) HE stains changes in intestine transverse cut muscle
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Introduction: Sepsis is a result of initial over-activation of the immune system in
response to an infection or trauma that results in reduced blood flow and life-
threatening end-organ damage, followed by suppression of the immune system
that prevents proper clearance of the infection or trauma. Because of this,
therapies that not only limit the activation of the immune system early on, but
also improve blood flow to crucial organs and reactivate the immune system in
late-stage sepsis, may be effective treatments. The tyrosine kinase FES may fulfill
this role. FES is present in immune cells and serves to limit immune system
activation. We hypothesize that by enhancing FES in early sepsis and inhibiting its
effects in late sepsis, the severity and outcome of septic illness can be improved.

Methods and analysis: /n vitro and in vivo modeling will be performed to
determine the degree of inflammatory signaling, cytokine production, and
neutrophil extracellular trap (NET) formation that occurs in wild-type (WT) and
FES knockout (FES™") mice. Clinically available treatments known to enhance or
inhibit FES expression (lorlatinib and decitabine, respectively), will be used to
explore the impact of early vs. late FES modulation on outcomes in WT mice.
Bioinformatic analysis will be performed to examine FES expression levels in RNA
transcriptomic data from sepsis patient cohorts, and correlate FES expression data
with clinical outcomes (diagnosis of sepsis, illness severity, hospital length-of-stay).

Ethics and dissemination: Ethics approval pending from the Queen'’s University
Health Sciences & Affiliated Teaching Hospitals Research Ethics Board. Results
will be disseminated through scientific publications and through lay summaries
to patients and families.
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Highlights

«This will be the first study to explore the utility of FES
modulation in the treatment of sepsis.

«This study will illustrate the importance of differential
regulation of sepsis at both early and late timepoints.

«This study will employ in vivo, in vitro, and clinical research
methodologies to elucidate the role of FES in sepsis.

oThere exists the potential for off-target effects of the drugs
used in this study that may complicate the interpretation of
results or outcomes, as they are not specific enhancers or
inhibitors of FES.

Introduction

Sepsis is the leading cause of death among hospitalized patients
in North America, and is present in over 50% of adult
hospitalizations resulting in death or discharge to hospice care
(1). Globally, sepsis accounts for 19.7% of all deaths (2), and is the
most expensive healthcare problem requiring in-hospital treatment
(3), costing the healthcare system approximately $1 billion per year
in Ontario alone ($670 million for severe cases, $420 million for
non-severe cases) (4). Importantly, the consequences of sepsis
extend beyond the duration of the patient’s hospitalization, with
lasting impairments being increasingly recognized as comprising
“post-sepsis syndrome” (5); resulting in additional costs to the
healthcare system for auxiliary care after discharge. Targeted
treatments for sepsis are therefore urgently needed to
simultaneously improve patient outcomes and alleviate the
burden of sepsis on global healthcare systems.

Sepsis is characterized by widespread inflammation and life-
threatening organ dysfunction, resulting from dysregulation of the
patient’s response to infection and coagulation cascades (6, 7).
Specifically, sepsis occurs upon disruption of the tightly regulated
balance of pro- and anti-inflammatory mediators activated in
response to pathogen- (e.g., virus, bacteria) or damage-associated
molecular patterns (e.g., trauma; PAMPs and DAMPs, respectively)
(8). Binding of PAMPs and DAMPs to toll-like receptors (TLRs) on
the surface of antigen presenting cells (APCs) and monocytes
causes nuclear translocation of nuclear factor kappa light chain
enhancer of activated B cells (NF-xB), resulting in expression of
genes encoding pro-inflammatory cytokines, tumor necrosis factor
(TNF)-0., interferons, and components of complement and
coagulation pathways (2). Clinically, activation of these pathways
results in hypercoagulation, endothelial dysfunction, and ultimately
to end organ damage (2).

While sepsis pathophysiology remains to be fully elucidated, we
have previously shown that the FES kinase, which is highly
expressed in APCs, plays a role in limiting over-stimulation of the
innate immune system (9). FES knockout mice are hypersensitive to
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endotoxin lipopolysaccharide (LPS), a TLR-4 agonist, as a result of
overactive TLR-4 signaling-induced innate immune responses (10)
including increased transcription of genes encoding pro-
inflammatory mediators, such as TNF-o (9). Our group and
others have implicated FES as a regulator of TLR-4 signaling (9,
11). TLR-4 is also a critical inducer of both platelet-dependent and
-independent NET formation, where neutrophils and platelets
express both FES and TLR-4. Hyperactive TLR-4 signaling may
therefore exacerbate the immune response and coagulation in
severe sepsis (12, 13). Furthermore, FES knockout (FES”") mice
demonstrate dysregulation of signal transducer and activator of
transcription 3 (STAT3) (13), which plays a vital role in the
pathophysiology of sepsis by initiating endothelial dysfunction,
vasoplegia, coagulopathy, and multi-organ failure (14, 15). FES
may also contribute to thrombin formation (16), which is known to
contribute to hypercoagulation during the early inflammatory stage
of sepsis (17).

There are currently no approved targeted molecular therapies
available for the treatment of sepsis (6). The mainstay of treatment
for sepsis involves management of infection, optimizing the
patient’s fluid balance, improving hemodynamic stability, and
sedative management; however, there is controversy over whether
these interventions contribute to reduced mortality and morbidity
in this cohort (3, 6, 18). Furthermore, early pre-clinical trials
employing anti-TNF antibodies or corticosteroids to block
proinflammatory cytokine cascades have since been shown to be
ineffective in larger and later-stage clinical trials (3, 6). Identifying
and targeting the key events and their regulators that precede these
dysregulated immune responses characteristic of sepsis is therefore
critical to optimize patients’ responses to systemic infection (6).

Due to its expression in innate immune cells and its
involvement in regulating TLR-4 signaling (9, 11), we expect that
increased FES expression will limit hyper-inflammatory phenotypes
of immune cells (9, 11), reduce platelet aggregation (19), and we
hypothesize it will also reduce NET formation (12, 20, 21).
Consequently, targeting FES may allow for specific inhibition of
two key aspects underlying the pathophysiology of sepsis: the
coagulation cascade and the innate immune system. This study
aims to elucidate the role of FES in sepsis pathophysiology using
both an established mouse model of sepsis and a repository of data
from patients with sepsis, as a first step toward being able to develop
targeted immune-based therapies to enhance patient care and
improve outcomes.

Overarching hypothesis

We hypothesize that FES expression is related to outcomes in in
vivo and in vitro models of sepsis, as well as in clinical populations
of patients with sepsis. We further hypothesize that modulating FES
can be used as a method of improving sepsis outcomes. Figure 1
illustrates the hypothesized role of FES in the pathophysiology of
sepsis. Figure 2 illustrates how FES regulation could be used
therapeutically to treat sepsis.
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FIGURE 1

Decreased FES levels may correlate with worse septic outcomes by modulating host immune and coagulation pathways. (A) FES has been shown to
play a role in limiting coagulation cascades through modulation of platelets and we hypothesize a role for FES in decreasing NETosis from
neutrophils. Therefore, low FES expression is hypothesized to correlate with reduced lysis of blood clots, and an increase in NETosis in both a
platelet-dependent and —independent manner, thus leading to reduced mean arterial pressure (MAP), leading to end organ damage. However, in
patients with high FES expression, there is hypothesized to be reduced NETosis, and increased disaggregation of platelets, leading to a less dramatic
impact on MAP, and improved perfusion of end organs. (B) FES has been shown to suppress the toll-like receptor (TLR) 4 signaling cascade, which
leads to the production of pro-inflammatory cytokines regulated by NF-kB and IRF3. In patients with low FES expression, it is hypothesized that this
signaling cascade will be poorly regulated, leading to the over-activation of the TLR4 cascade, stimulated by components of bacterial cell walls
(lipopolysaccharide) or in response to tissue damage (high mobility group box 1), and ultimately leading to the over-production of inflammatory
cytokines. This production of excess cytokines can lead to vasodilation, leading to reduced MAP, and reducing perfusion to end organs. However,
with high FES expression, this cascade is tightly regulated, and the over-production of pro-inflammatory cytokines is limited, reducing changes in
vasodilation, and preventing drastic changes in MAP, thus protecting end organs. Created with BioRender.com.
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FIGURE 2
Therapeutic efficacy of FES expression level changes is stage-dependent. Sepsis can be separated into two stages: early stage, characterized by

overactive immune responses leading to decreased end organ perfusion; and late stage, characterized by immune suppression, preventing the
efficient clearance of the sepsis-inciting event. (A) Due to the over-stimulation of the immune system in early sepsis, treatment with decitabine,
known to induce increased FES expression, will prevent overactivation of the immune system. (B) In contrast, overcoming the characteristic late-
stage immunosuppression by treatment with lorlatinib, an inhibitor of FES activity, will promote greater pro-inflammatory cytokine production from
immune cells. This increase in immune activation will aid in resolving the inciting event of sepsis. Created with BioRender.com.
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Aims and specific hypotheses

Cell types responsible for sepsis severity
and their effect on sepsis outcomes

This study aims to determine the cell types responsible for
increased sepsis severity and their effects on outcomes in WT or
FES” mice. We hypothesize that FES limits over-activation of
innate immune cells and suppresses vascular hypercoagulation.
We expect that FES” immune cells will take on a hyper-
inflammatory phenotype when stimulated with infectious or
damaging agents and will produce increased levels of pro-
inflammatory cytokines (such as Interleukin (IL) -1, IL-6, Tumor
Necrosis Factor (TNF)-o) and NETs relative to WT mice. In vivo,
we expect to find an increase in both immune cell numbers and
their degree of activation, as well as increased coagulation and end-
organ damage in septic FES”" mice compared to WT.

Timing of FES regulation on
sepsis outcomes

This study will aim to evaluate whether FES regulation, and the
timing of FES regulation, can affect sepsis outcomes. Early sepsis
pathogenesis is characterized by hyperinflammation and coagulation,
while late sepsis pathogenesis is characterized by immune suppression
and organ dysfunction. It is hypothesized that the observed late-stage
immunosuppression is as a commensal response to the initial
overactive immune response. The early hyper-inflammatory stage
of sepsis is characterized by increased immune cell activation and
production proinflammatory cytokine secretion such as IL-1, IL-6,
and TNF-o (22), a dangerous condition known as cytokine storm
(23). This late stage is characterized by production of anti-
inflammatory cytokines, such as IL-10 and Transforming Growth
Factor-B (TGF-f3), which serve to repress the overstimulated immune
cells, reduced antigen presenting cells functions, lymphocyte anergy
and apoptosis, and reduced responsiveness to activating stimuli, such
as LPS (24). Simultaneous inflammation and immunosuppression is
now being described in late-stage sepsis (22), suggesting that while
there may be immunostimulatory molecules circulating, immune cells
may be unable to appropriately respond to these stimuli. This
provides additional rational for regulating FES, as it plays a role in
limiting innate immune cell activation in response to stimulatory
molecules such as LPS. We therefore hypothesize that artificially
enhancing FES activation will improve early-stage sepsis, and that
inhibiting FES will improve outcomes in late-stage sepsis. Figure 2
illustrates the timeline of sepsis and the expected impact of FES
regulation at each stage of illness.

Association between FES expression and
clinical sepsis presentation and outcomes

This study will seek to determine whether the RNA expression

levels of FES are associated with the incidence, severity, and outcome
of sepsis using bioinformatic analysis. We expect that FES will be
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upregulated in early-stage and downregulated in late-stage sepsis.
Furthermore, we hypothesize that decreased FES RNA levels will be
associated with receiving a clinical diagnosis of sepsis, increased
illness severity, and poorer clinical outcomes including greater risk
for ICU mortality and increased length of hospitalization.

Furthermore, we aim to determine whether clinical sepsis
outcomes are correlated with single nucleotide polymorphisms
(SNPs) associated with differential FES expression. Recently, two
SNPs have been associated with reduced FES expression:
rs17514846, located within in the 5 proximal region of the
neighbouring gene FURIN, and rs1894401, located within the FES
gene. The presence or absence of these two SNPs will be correlated
with clinical outcomes in a cohort of sepsis patients (25).

Methods and analysis
Patient and public involvement

Patient partners who have recovered from sepsis will be
recruited from the ICU Follow-Up Clinic at Kingston Health
Sciences Centre (Kingston, Ontario). Patient partners will help to
guide decision-making around the clinical outcomes that are most
important to study, such that our analysis can be focused on
patient-centred outcomes.

Study design and setting

To expand our understanding of FES involvement in mediating
sepsis, we will perform in vitro and in vivo modeling to elucidate the
degree of inflammatory signaling, cytokine production, and NET
formation that occurs in wild-type (WT) and FES knockout (FES™")
mice. Using clinically available treatments that either enhance FES
expression or inhibit FES activity, we will explore the utility of early
vs. late FES modulation on outcomes in WT mice. Finally, we will
explore the clinical relevance of FES in the pathogenesis of sepsis by
using bioinformatic analyses to examine FES expression levels in
RNA transcriptomic data from publicly available cohorts of patients
with sepsis and healthy controls and correlating this with clinical
outcomes. All analyses will take place in the Queen’s Cancer
Research Institute facility at Queen’s University (for experimental
laboratory-based aims), or the Centre for Advanced Computing
(for the clinical bioinformatics aims).

In vitro methodology

Bone marrow derived macrophages (BMDMs) (26) or
neutrophils (27) isolated from WT or FES”" mice will be
stimulated with infectious surrogates (LPS or Polyl:C), or a
surrogate for tissue damage-mediated sepsis (High Mobility
Group Box 1; HMGBI1). The degree of inflammatory signaling
(e.g., NF-xB and IRF-3 phosphorylation) will be assessed via
immunoblot analysis. Supernatants will be analyzed by cytokine
multiplex (28) methods to determine differential cytokine
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production in WT or FES”" immune cells, and the type of cytokines
(e.g., proinflammatory, such as IL-1, IL-6, IL-12, TNF-0, and
Interferon-o/B (23); or anti-inflammatory, such as, IL-10 and
TGF-B (29)) (Figure 3A). Finally, WT and FES”" neutrophils will
be evaluated for their ability to produce NETs using flow cytometry
(30) (Figure 3B).

BMDMs and neutrophils isolated from WT or FES”" mice will
be pre-treated with either a drug that inhibits FES activity (lorlatinib
(31)), or one that increases FES transcription (decitabine (32)).
These cells will then be stimulated with LPS, PolyI:C, or HMGBI to
simulate the immune cell activation associated with sepsis, and the
same methodology as in Aim 1 will be used to assess increased (in
the case of lorlatinib treatment) or decreased (in the case of
decitabine treatment) hyper-inflammatory signaling, cytokine
production, and NET production.

In vivo methodology

WT or FES”" mice will be treated in one of two ways, either
simulating different insults resulting in sepsis: 1) cecal ligation and
puncture (CLP), the gold-standard sepsis model (33) or 2) a cecal

10.3389/fimmu.2023.1145826

slurry (CS) of 0.5mL of a solution at a fecal concentration of 45mg/
mL (33-35). Following induction of sepsis, mice will be closely
monitored and scored on the murine sepsis score (MSS), which
assesses sepsis severity based on appearance, level of consciousness,
activity, response to stimulus, eyes, respiration rate, and respiration
quality (35). The MSS has been shown to have a specificity of 57%,
and a sensitivity of 100% for predicting onset of severe sepsis and
death following CS. Blood will be collected by cardiac puncture at
the 24h time point and analyzed by cytokine multiplex to assess
differential cytokine production, which will demonstrate differences
in cytokine production from either WT or FES”" genotypes and can
also be correlated with sepsis severity (35). Additionally, the
following biomarkers will be assayed from the blood, as these
have been associated with sepsis in murine models: C-reactive
protein (CRP), soluble triggering receptor expressed on myeloid
cells-1 (sTERM-1), CD163, procalcitonin (PCT) and hypoxia-
inducible factor (HIF-la) by ELISA, where CD163 and
procalcitonin can stratify mice further into a state of severe sepsis
(36) (Figure 4). Spleens will be isolated, dissociated and analyzed by
flow cytometry for the presence and activation of immune cells (i.e.,
macrophages, neutrophils, T cells, B cells), as well as NET formation
(30). Finally, differences in clotting ability and end-organ damage
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Graphical depiction of in vitro methodology. (A) Wildtype (WT) or FES™~ bone marrow derived macrophages will be stimulated with LPS or other
stimulating agents and analyzed for differential signaling cascade activation (immunoblot analysis) and cytokine production (enzyme-linked
immunosorbent assay (ELISA)). (B) WT or FES™~ neutrophils isolated from the spleen will be stimulated with LPS or other stimulating agents and
analyzed for differential signaling cascade activation (immunoblot analysis), cytokine production (ELISA), and neutrophil extracellular trap formation
(flow cytometry). The same methodology will be followed with the addition of decitabine and lorlatinib. Created with BioRender.com.
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between WT and FES”" mice will be assessed by histopathological
analysis of hematoxylin & eosin-stained necropsy tissues. Briefly,
livers, kidneys, small intestines, lungs, and brains will be assessed
for necrosis, edema, accumulation of immune cells within tissues
(e.g. macrophages, neutrophils, T-cells) and signs of damage to the
tissues (e.g., loss of goblet cells and villi in small intestines, debris,
and loss of organization and structure of epithelium) (35). As CS
with a fecal concentration of 45mg/mL is associated with a 40%
survival in C57BL/6 wildtype mice, mice will be assessed for
neurocognitive impairments: a significant sequalae of post-sepsis
syndrome (37, 38) A recent systematic review listed several
common forms of cognitive impairment found in pre-clinical
models of sepsis (e.g., aversive memory, learning, locomotor and
exploratory activities, short-term and long-term memories), which
may mimic what happens in patient populations (37). Therefore,
any surviving mice will be subjected to the Y-maze novel arm
preference test (a measure of testing spatial memory and attention),
buried food test (a measure of attention and organized thinking),
attentional set-shifting task (a measure of attention and cognitive
flexibility), and finally the open field test (a measure of motor
performance) (39) (Figure 4). Following neurocognitive
assessments, mice will be euthanized and assessed for hyper-
inflammation, coagulation, and histopathology as described above.

To determine the effect of the timing of FES regulation on
outcomes, WT or FES”" mice will be subjected to either CLP or CS
and treated with lorlatinib or decitabine at either 1h (mimicking
regulation in early-stage sepsis) or 12h (mimicking regulation in late-
stage sepsis). Hyper-inflammation, coagulation, histopathology, and
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neurocognition will be assessed at 24h, as previously mentioned.
Finally, to determine differential susceptibility of WT mice to sepsis,
we will perform an LDs, analysis of both early- and late-stage
treatment regimens with either drug.

Clinical and bioinformatics methodology

We have previously extracted RNA from whole blood samples
in critically ill patients at various time points during their
admission, as well as from healthy controls, as part of the
“Prevention of nosocomial infections in critically ill patients with
lactoferrin (PREVAIL)” study (NCT01996579). Briefly, blood was
collected into PAXgene tubes, frozen, RNA extracted, and gene
expression was profiled using the Affymetrix PrimeView microarray
(40). Data on 69 patients and 21 healthy controls from this analysis
is publicly available (41) and will be analyzed for the current study.
Machine-learning approaches will be used to identify key variables
associated with FES RNA expression levels, including a) clinical
diagnosis of sepsis; b) illness severity, as measured by Acute
Physiology and Chronic Health Evaluation II (APACHE II) and
Sequential Organ Failure Assessment (SOFA) scores; and c) clinical
outcomes including hospital length of stay and ICU mortality.

A publicly available dataset comprised of clinical outcome data
as well as SNP analysis from genome wide association studies
(GWAS) will be sought through collaborations with local and
international experts in the field of sepsis genetics. Multivariable
analysis will be used to determine the association between the two
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SNPs (rs17514846 and rs1894401) related to differential FES
expression, and clinical, patient-centred outcomes. Additionally,
we will apply for access to the United Kingdom BioBank (https://
www.ukbiobank.ac.uk/), a large-scale database with in-depth
genetic and clinical outcomes for a wide variety of diseases
(including sepsis) in over half a million patients. This database
currently has SNP and transcriptomic data available to be paired
with clinical outcomes and will soon be releasing proteomic data
which can be analyzed further to pair the two SNPs (rs17514846
and rs1894401) related to differential FES expression with protein
expression, and clinical outcomes.

Expected impact

These results will determine if FES modulates sepsis severity by
preventing hyper-inflammation and suppressing coagulation
cascades, providing a rationale for using FES regulation as a
therapeutic strategy to reduce sepsis severity. The results of these
experiments will further improve our understanding of the process
by which NETSs are produced, which has implications not only for
sepsis but also for many other diseases.

In lorlatinib treated WT immune cells, we expect to see a
phenocopy of the FES”™ immune cells, and prevention of
inflammatory signaling with decitabine. Irrespective of the timing of
treatment, we do not expect either lorlatinib or decitabine to affect
sepsis severity in FES”" mice (as there is no FES present to be regulated
by either of these drugs). By contrast, in WT mice we expect to see
increased septic severity following early lorlatinib treatment, and
decreased septic severity following early decitabine treatment. We
further expect to see decreased septic severity following late lorlatinib
treatment (protective effect) and increased septic severity with late
decitabine treatment (detrimental effect). These findings would
support the notion that FES is a critical regulator of sepsis; and
would further demonstrate that sepsis severity can be attenuated using
currently available treatments by differentially modulating FES
depending on the stage of a patient’s illness progression.

While it is our expectation that high FES expression levels in
early sepsis and low FES expression levels in late sepsis will result in
improved murine and patient outcomes, it is possible that this will
not be the case. However, irrespective of the direction of the
association, we will capitalize on the FES expression results found
in order to improve in vitro, in vivo outcomes. For example, if we
find that low FES expression is associated with improved outcomes
in early sepsis (contrary to our hypothesis), we will expand upon
this finding by seeking to reduce FES expression in our models of
early sepsis. Similarly, if-contrary to our expectations-we find that
high FES expression is associated with improved outcomes in late
sepsis, we will aim to increase FES expression in our models of late
sepsis and evaluate changes in outcomes seen as a result of this shift
in expression. Additionally, if FES expression plays no role in sepsis
severity, it will allow us to rule out a potential regulator heavily
involved in many aspects of sepsis, which will help to narrow in on
true regulators of sepsis severity and outcomes. We expect that FES
expression levels on microarray analysis can be used alone or in

combination with other genetic features as a biomarker to
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determine the presence, stage, severity, and outcome of sepsis.
The heterogeneity of sepsis presentation and progression has long
posed a problem for determining which patients will benefit from
specific therapies, and the appropriate timing of these interventions.
If we find that FES expression differs between time points in the
progression of septic illness (i.e., between early- vs. late-stage
sepsis), these results may then be used in future studies to help
with targeting treatments toward specific subsets of patients who
may differentially benefit from therapeutic interventions applied at
different time points.

Finally, we expect that two SNPs associated with differential FES
expression will be useful as prognostic biomarkers to stratify
patients with sepsis based on risk for adverse outcomes that are
relevant to patients, with the potential predictive value to inform
FES-targeted treatments based on risk.

An important note about the involvement of FES in the
pathophysiology is the association of SNP rs4957796, located
within an intron of the FER gene (Fps/Fes related tyrosine kinase),
with reduced mortality from sepsis (42), and reduced incidence of
bloodstream infections, but increased mortality in those who do
develop a bloodstream infection (43). FES and FER share similar
biological functions such as platelet aggregation (19), mast cell
activation (13, 44) and signaling of the immunosuppressive
cytokine IL-10 (13), an important signalling pathway known to
limit inflammation, whose function may have differing important
roles during early- (important to limit the overactivation of the
immune system) and late-stage (contribution to characteristic late-
stage immunosuppression) sepsis. These observations may suggest a
partial explanation to the improved outcomes in patients containing
the SNP, rs4957796 (42) as well as the observations surrounding
bloodstream infections (43). This hints that the impact of FER and
potentially FES is double-edged sword where it is crucial to have the
right amount of expression at the right time to have protective effects
and not exacerbate the illness. If true, this would suggest a problem
that the application of precision medicine might be able to overcome.

Sepsis is a disease that is constantly under investigation to find
an effective treatment because of the major consequences on human
life and healthcare burden. Unfortunately, there has not been much
success towards this aim; over 100 randomized clinical trials which
identify a target, and directly modulate that target, have failed (45),
suggesting a need for novel approaches to treating sepsis. Not only
do we believe we have identified a novel target capable of regulating
multiple aspects of sepsis pathophysiology, but also the timing of
intervention. This lends itself to identifying FES as a treatable trait
(46), where, depending on the timing of intervention and the levels
of FES expression or activity, may result in a different approach to
treating a patient’s sepsis (upregulating FES expression or inhibiting
FES activity).

Significance

Sepsis is one of the greatest healthcare problems worldwide,
causing significant mortality and costing the Canadian healthcare
system billions of dollars annually (4). Even among those who
survive, sepsis is associated with long-term morbidities and reduced
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quality of life (4, 47). This project will provide crucial insight into
the pathophysiology underlying sepsis, laying the foundation for
future work to manage the dangerous side effects of
immunotherapy-based treatments, and study the effect of
systemic FES inhibition on this vulnerable cohort.
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Background: Notch signaling is critical for regulating the function of vascular
endothelial cells (ECs). However, the effect of the intracellular domain of Notchl
(NICD) on EC injury in sepsis remains unclear.

Methods: We established a cell model of vascular endothelial dysfunction and
induced sepsis in a mouse model via lipopolysaccharide (LPS) injection and cecal
ligation and puncture (CLP). Endothelial barrier function and expression of
endothelial-related proteins were determined using CCK-8, permeability, flow
cytometry, immunoblot, and immunoprecipitation assays. The effect of NICD
inhibition or activation on endothelial barrier function was evaluated in vitro.
Melatonin was used for NICD activation in sepsis mice. The survival rate, Evans
blue dye of organs, vessel relaxation assay, immunohistochemistry, ELISA,
immunoblot were used to explore the specific role of melatonin for sepsis
induced vascular dysfunction in vivo.

Results: We found that LPS, interleukin 6, and serum collected from septic
children could inhibit the expression of NICD and its downstream regulator Hesl,
which impaired endothelial barrier function and led to EC apoptosis through the
AKT pathway. Mechanistically, LPS decreased the stability of NICD by inhibiting
the expression of a deubiquitylating enzyme, ubiquitin-specific proteases 8
(USP8). Melatonin, however, upregulated USP8 expression, thus maintaining
the stability of NICD and Notch signaling, which ultimately reduced EC injury
in our sepsis model and elevated the survival rate of septic mice.

Conclusions: We found a previously uncharacterized role of Notchl in mediating
vascular permeability during sepsis, and we showed that inhibition of NICD
resulted in vascular EC dysfunction in sepsis, which was reversed by melatonin.
Thus, the Notchl signaling pathway is a potential target for the treatment of sepsis.
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1 Introduction

Sepsis is a life-threatening disease contributing to global health
loss (1). Sepsis-induced vascular dysfunction is pivotal to the
pathobiology of sepsis and leads to septic shock and even
multiple organ failure (2). Children suffering from septic shock
exhibit higher mortality (3). Therefore, exploring the underlying
molecular mechanisms of sepsis-induced vascular dysfunction
could help to improve clinical outcomes in patients with sepsis.
Over the past few years, treatments for septic shock have focused on
early fluid resuscitation, application of vasoconstrictive drugs,
removal of the inflammatory factor waterfall released in large
quantities, immune modulation with glucocorticoids, and
antimicrobial and endotoxin neutralization (4). However, these
treatments often fail to reverse disease progression.

Vascular endothelial cells (ECs) are the primary cells that
regulate vascular function (5, 6). As an important part of the
blood vessel wall, ECs are the first cells to sense the damage
induced by sepsis. For example, lipopolysaccharide (LPS)
produced by pathogens and cytokines can directly cause EC
injury and disrupt endothelial cytoskeletal proteins as well as
intercellular junctions and adhesions, resulting in increased
vascular EC permeability and the diversion of fluids into
extravascular tissues, leading to edema. Upregulation of
endothelial nitric oxide synthase in vascular ECs generates large
amounts of nitric oxide, causing vasodilation and increased
expression of inducible nitric oxide synthase. Sustained elevation
of nitric oxide levels in the late phase of shock affects the function of
vascular smooth muscle. Damaged vascular smooth muscle cells
can further lead to impaired vascular responsiveness, which makes
fluid resuscitation and vasopressor therapy ineffective (7).
Therefore, strategies that ameliorate or even prevent endothelial
dysfunction are essential for treating septic shock.

Notchl signaling pathway is a conserved pathway that regulates
vascular EC function (8). When the Notch1 receptor is bound by one
of its ligands (such as DLLA4, Jaggedl), the Notchl protein is sheared
by specific enzymes into extracellular and intracellular segments. The
intracellular segment region (Notch intracellular domain, NICD) is
transported into the nucleus where it forms a complex with DNA-
binding proteins, thereby derepressing target genes, especially Hesl,
and allowing them to be transcriptionally activated to fulfil their
biological roles. Given that the formation of NICD is the most critical
event in the activation of the Notchl signaling pathway, the cellular
level of NICD reflects the activity of Notchl signaling (9). Previous
studies have revealed that activation of Notchl directly regulates
vascular barrier function in an engineered organotypic model (10).
The reduction of endothelial Notch1 was identified as a predisposing
factor for the onset of vascular inflammation and initiation of
atherosclerosis (11). Furthermore, loss of Notchl in adult
endothelium increases hypercholesterolemia-induced
atherosclerosis in the descending aorta (12). These findings indicate

Abbreviations: NICD, intracellular domain of Notch1; LPS, lipopolysaccharide;
EC, endothelial cell;IL-6, interleukin 6; USP8, ubiquitin-specific proteases 8;
TGN, tangeretin; PICU, pediatric intensive care unit; CLP, cecal ligation and

puncture; DUBs, deubiquitinating enzymes.
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that Notchl expression is downregulated in vascular cells in response
to chronic inflammation during atherosclerosis. However, the
significance of Notch1 signaling, especially NICD, in sepsis-induced
vascular dysfunction is unknown.

Here, we report a previously uncharacterized role of Notchl in
mediating vascular permeability during sepsis. We found that levels
of NICD and its downstream regulator Hesl in ECs were reduced
during sepsis, which further impaired vascular permeability via the
Akt signaling pathway. We propose that LPS inhibits expression of
a deubiquitylating enzyme USP8 to decrease the level of NICD. We
also observed that melatonin mitigated sepsis-induced EC injury by
upregulating USP8, thus stabilizing NICD, providing scientific
support for the application of melatonin to treat sepsis. In
summary, our study suggests that NICD in the Notchl signaling
pathway is a promising target for the treatment of sepsis.

2 Materials and methods
2.1 Ethical approval of participants

Blood samples were collected from six normal controls and
children diagnosed with sepsis shock between January 2020 and
December 2020 from the pediatric intensive care unit (PICU) of the
Children’s Hospital of Fudan University, China. Septic shock in
children is defined as a severe infection that leads to cardiovascular
dysfunction, including hypotension requiring treatment with
vasoactive medication, or impaired perfusion (13). Blood
collection was performed on the day of admission to the PICU,
and samples were centrifuged at 400 g for 10 min to separate serum
in the supernatant. Written informed consent was obtained from all
participants. The study was approved by the Research Ethics Board
in the Children’s Hospital of Fudan University (IRB protocol
number: 2020-424). General patient information and
representative laboratory data are listed in Table 1.

2.2 Antibodies and reagents

The following primary antibodies were purchased from Cell
Signaling Technology (Danvers, USA): anti-cleaved Notch1 (4147s;
1:1,000), anti-Hes1 (11988s; 1:1,000), p-eNOS (9570s, 1:1,000), eNOS
(32027s, 1:1,000), iNOS (13120s,1:1,000), anti-AKT (4691s; 1:1,000),
anti-phospho-AKT antibody (Ser473) (4060s; 1:1,000), anti-PTEN
antibody (9559s; 1:1,000), anti-Actin antibody (4970s; 1:1,000), and
anti-USP8 (11832s; 1:1,000). The following primary antibodies were
obtained from Abcam (Waltham, USA): anti-USP11 (ab109232;
1:1,000), anti-VE-Cad antibody (ab33168; 1:1,000), and anti-Zo-1
antibody (ab216880; 1:1,000). LPS (L4516) and interleukin 6 (IL-6)
were acquired from Sigma-Aldrich Merck KGaA (Germany).
Melatonin and tangeretin (TGN) were purchased from Aladdin
(purity >95%; Aladdin, China).

2.3 Cell culture

The human-derived vascular EC line (Ea.hy 926) was provided by
the Cell Bank of the Chinese Academy of Sciences Shanghai Branch
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TABLE 1 Characteristics of serum from septic shock children used for cell stimulation.

Patient Infection LPS PCIS Clinical
(\[o} Feideea source (pg/mL)  (EU/mL) score outcome
1 19 Male / Central nervous system 0.0135 0.0254 84 Dead

2 33 Female Acinetobacter baumannii Abdominal 288.9 0.129 86 Alive

3 6 Male / Respiratory tract 131.5 <0.01 96 Alive

4 48 Female Adenovirus Respiratory tract 889.5 0.0309 90 Alive

5 23 Male Methicillin resistant staphylococcus aureus Skin 204.7 0.0135 90 Alive

6 108 Female Acinetobacter baumannii Respiratory tract 3164 0.0276 90 Dead

7 29 Female / Abdominal 34.76 0.0392 76 Alive

IL-6, interleukin-6; PCIS, Pediatrics Critical Illness Score.
/, culture-negative

(Shanghai, China). Cells were cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) with 1% antibiotics (Hyclone,
USA) and 10% fetal bovine serum (FBS) in an incubator at 37°C with
95%/5% air/CO,. The authenticity of cell lines was confirmed by
short tandem repeat (STR) profiling. All cell lines were passaged twice
a week at a ratio of 1:4. For signaling studies, cells were cultured in
serum-starved medium to avoid masking stimulation signals. All cell
lines were regularly checked for morphological changes and the
presence of mycoplasma. Only mycoplasma-negative cell lines were
used in subsequent experiments.

2.4 Western blot analysis

For immunoblotting, total protein was extracted from cells
using RIPA lysis buffer (Beyotime, China). The amount of protein
was quantified using the BCA protein assay kit (Beyotime, China),
and 20 ug of total protein was subjected to SDS-PAGE (10%, Bio-
Rad) and then transferred to a PVDF membrane (Merck Millipore,
Germany). The membrane was blocked with 5% skim milk for 1 h
and subsequently incubated with the indicated primary antibodies
overnight at 4°C. Horseradish peroxidase-conjugated anti-rabbit
antibody (1:5,000) was utilized as the secondary antibody. Protein
bands were visualized using a chemiluminescent HRP substrate
(ThermoFisher, USA) and imaged with a Molecular Imager®
ChemiDocTM XRS+ Imaging System (Bio-Rad).

2.5 Cell proliferation assay

Ea.hy 926 cells were seeded in 96-well culture plates at a density
of 1 x 10*/well and stimulated for 24 h according to the experimental
requirements. The rate of cell proliferation was determined using the
CCKS8 assay (Dojindo, Japan). Cells were incubated for 1 h and tested
every 24 h using a microplate reader at 450 nm.

2.6 Permeability assay

A classic Transwell chamber assay was conducted to evaluate
EC permeability using fluorescence-labeled dextran (40 kDa,
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Sigma-Aldrich Merck KGaA, Germany) (14). The assay was
performed in a 12-well plate using individual polycarbonate
membrane inserts with a 0.4 um pore (Corning, USA). Ea.hy 926
cells were seeded at a density of 1 x 10° cells/insert. The medium in
both upper and bottom compartments was replaced with fresh
medium 24 h after seeding, and cells were treated according to the
indicated protocols. Inserts were transferred into a new plate
containing 600 pL PBS, and 60 pg of fluorescence-labeled dextran
(40kDa) diluted in 300 puL PBS was then added to the upper
compartment of the insert. Inserts were cultured for 1 h in the
incubator, and then PBS from the lower chamber was transferred to
a plate reader (BioTek, Synergy2) and measured (excitation: 480
nm; emission: 510 nm).

2.7 Wound healing assay

Ea.hy 926 cells seeded in 6-well cell culture plates were scraped
by P10 tips and then incubated with serum-free medium. Images of
wells under the same view were obtained using a Leica Microscope
immediately and 24 h after scratch. The rate of cell migration,
calculated as the average percent of wound closure, was determined
using Image J.

2.8 Cell apoptosis assay

Cell apoptosis was determined using an AnnexinV-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) double-staining kit (BD
Biosciences, USA), according to the manufacturer’s instructions.
Eahy 926 cells were cultured in 6-well plates (1 x 10° cells/well) for
24 h. After treatment with LPS and melatonin, the cells were digested
with ethylenediaminetetraacetic acid (EDTA)-free trypsin, stained
with AnnexinV-FITC and PI, and subjected to flow cytometry using
FACSCanto' ™ TI (BD Biosciences). FlowJo V10 software (Tree Star,
USA) was used for data analysis. Cells that were negative for both
Annexin V-FITC and PI were considered viable. Annexin V-FITC
positive and PI negative cells were recognized as early apoptosis;
Annexin V-FITC and PI positive cells were late apoptosis; and
Annexin V-FITC negative and PI positive cells were necrotic cells.
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Early and late apoptotic cells were used to calculate the percentage of
apoptotic cells.

2.9 Plasmid and siRNA transfection

The expression plasmid containing NICD sequence (aa 1757-2555)
was purchased from Genechem (China) and transfected into Ea.hy 926
cells using Lipofectamine 3000 reagents (Invitrogen, USA). Stable
clones were selected using puromycin at a concentration of 2 pug/mL
for two weeks. siRNA targeting USP8 and scramble control siRNA
were purchased from RiboBio (China) and transfected using
Lipofectamine 3000 reagent. The siRNA sequences were: si-USP8 1#
(human) (5-CTGGAACCTTTCGTTATTA-3’), si-USP8 2# (human)
(5- TCATCTCGATGACTTTAAA-3), and si-USP8 3# (human) (5-
CTACGATGGCAGGTGGAAA-3). The efficiency of si-USP8
transfection was evaluated using western blot analysis.

2.10 Ubiquitination and
immunoprecipitation (IP) assay

Eahy 926 cells were lysed with 1% SDS in lysis buffer for the
ubiquitination assay or RIPA lysis buffer for the IP assay. The cell
lysates were diluted to 1 mg/mL and mixed with the indicated primary
antibody and then incubated at 4°C overnight. Protein A/G magnetic
beads were added to the lysate-antibody mixture and incubated for 2 h
at room temperature. Western blot analysis was performed to detect
ubiquitin modification or IP proteins as described above.

2.11 Quantitative real-time PCR

Total RNA from aortic tissue samples of mice was extracted
using Trizol (Invitrogen, USA) following the manufacturer’s
protocol. A total of 1 ug RNA was reverse-transcribed into cDNA
using the Primer Script RT reagent kit (Takara, Japan). Gapdh and
Actin were used as endogenous standards. Triplicate PCR reactions
were performed, and the relative expression levels were calculated
using the 2 DA equation. The sequences of all primers are
provided in Supplemental Table 1.

2.12 Assay for NICD stability

Eahy 926 cells were pretreated with 20 uM cycloheximide
(CHX, Sigma-Aldrich Merck KGaA, Germany), an inhibitor of
protein synthesis, and were collected at different time points (0, 2, 4,
and 6 h) after indicated treatments. NICD expression was
determined using Western blot analysis.

2.13 Animals

Male C57BL/6 mice aged 3-4 weeks were obtained from Shanghai
Slake Laboratory Animal Company (China). All animals were housed
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at 25°C, with a 12-h light/12-h dark cycle under specific pathogen-
free conditions and free to food and water. Experiments were
conducted one week after the mice adapted to the new
environment. The experimental protocols used in this study were
approved by the Animal Studies Committee of the Children’s
Hospital of Fudan University (IRB protocol number: 2019-321).

2.14 Animal models and melatonin
administration

For LPS-induced-sepsis models, mice were injected
intraperitoneally with one dose of LPS at 10 mg/kg body weight, and
saline was administered to the controls. For survival analysis, LPS at 15
mg/kg body weight was used for LPS-induced sepsis model. The mouse
model of polymicrobial sepsis was induced by CLP as previously
described (15). Mice were fasted for 12 h before surgery and were
anesthetized with tribromoethanol. The midline laparotomy was
performed after shaving the skin and disinfection, and 50% of the
distal end of the cecum was ligated. A single through-and-through
puncture was implemented using 22-gauge needles between the end of
the cecum and the ligation site, and then a small amount of feces was
squeezed out through the puncture. The cecum was returned to the
abdominal cavity. Abdominal musculature and skin incision were
closed with sutures. The animals undergoing laparotomy and cecum
exposure without ligation and puncture were used as sham-operated
controls. All mice were revived with 1 mL of saline.

Once the sepsis models were established, mice in the
melatonin treatment group were injected intraperitoneally for
LPS-induced sepsis mice and subcutaneously for CLP mice with
melatonin dissolved in saline at a dose of 30 mg/kg, which was
modified based on our pilot experiments and previous literature
(16). Based on the half-time of melatonin in vivo, repeated
administration of the drug was performed. All experiments were
conducted three times.

2.15 Immunohistochemistry

Mice were sacrificed at 24 h post-surgery/LPS administration
under anesthesia followed by blood and organ collection. Fresh aorta
samples were first fixed in 4% paraformaldehyde and then embedded
in paraffin. For immunohistochemistry assays, tissues were sectioned
at 5 um and then incubated in citrate antigen retrieval solution (pH =
6.8) for 15 min at 95°C. The sections were then stained with NICD
antibody (Abcam) at 4°C overnight. Next, the sections were
incubated with corresponding HRP-conjugated secondary
antibodies (Absin, China) for 1 h at room temperature and were
visualized using diaminobenzidine (Absin, China).

2.16 Enzyme-linked immunosorbent
assay (ELISA)

Mouse serum was collected for cytokines detection using a
mouse TNF-o ELISA kit (JL10484, Jianglai, Shanghai, China), a
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mouse IL-6 ELISA kit (JL20268, Jianglai, Shanghai, China) and a
mouse melatonin ELISA kit (JL10087, Jianglai, Shanghai, China)
according to the manufacturer’s instructions.

2.17 Measurement of lactate

Lactate levels in the serum of mice were determined using a
lactate assay kit (Nanjing Jiancheng Bioengineering Institute,
China) according to the manufacturer’s instructions.

2.18 Endothelium-dependent relaxation
function of vessels assay

The thoracic aorta was carefully dissected, cleaned of fat and
adherent connective tissues, and then cut into 2-3 mm vessel rings
and mounted on two stainless-steel stirrups in the 10 mL organ
chamber of a Multi Myograph System (Danish Myo Technology
(DMT), Aarhus, Denmark) containing 5 mL PSS (1000 mL
contained 7.6 g NaCl; 0.35 g KCL; 0.29 g MgSOy; 0.16 g
KH,PO,4; 1.25 g NaHCO3; 1 g glucose; 0.01 g Na,-EDTA; and
1.6 mL of 1 mol/L CaCl,). The PSS was kept at 37°C and bubbled
continuously with 95% O, and 5% CO,. The vessel rings were
stretched to a resting tension of 3.5 mN and equilibrated for 60
min with PSS buffer. After equilibration, the rings were stimulated
twice with KPSS (1000 mL contained 4.37 g NaCl; 4.47 g KCI; 0.29
g MgSOy; 0.16 g KH,PO4; 1 g NaHCOs3; 1 g glucose; 0.01 g Na,-
EDTA, and 1.6 mL of 1 mol/L CaCl,) for 15 min. Vasodilatation
was assessed by applying acetylcholine (Ach) (17). When a
contractile plateau was reached after norepinephrine (10 to 10°
M), concentration-response dilations to cumulative Ach (107 to
10°M) were performed. Doses were added every 3-5 min.

2.19 Evans blue assay for the permeability
of vessels

0.5% Evans Blue dye (Solarbio, Beijing, China) was injected via a
tail vein 30 min before the mice were killed. Subsequently, mice were
perfused with PBS via the left ventricle to remove the intravascular
dye. Lungs, livers, and hearts were removed and dried for 1 h. Evans
blue dye was extracted in formamide by incubating tissues overnight
at 55°C. Evans blue dye levels in tissue supernatant were measured by
spectrophotometric analysis at 620 nm (18).

2.20 Statistical analysis

Statistical significance of the differences between groups was
determined using the Student’s t-test or one-way ANOVA plus
Tukey’s analysis using SPSS software (version 22.0) for comparisons
of two groups or multiple groups, respectively. Kaplan-Meier
survival analysis was utilized to compare survival rate between the
sepsis group and treatment group. Data are presented as the mean +
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standard error of the mean (SEM). P < 0.05 was considered
statistically significant.

3 Results

3.1 NICD expression and activity are
decreased in vitro models of sepsis

To investigate the effect of serum collected from children with
sepsis on ECs, Ea.hy 926 cells were incubated with 10% septic serum
in DMEM for 4 h. FBS and healthy serum at equal concentrations
were used as controls (Figure 1A). Expression of NICD, the effector
of Notch signaling, and its related proteins including Hesl,
ADAMI10, VE-Cad, iNOS, p-eNOS, and eNOS were detected
using Western blot analysis. Compared to the control groups,
cells cultured with septic serum displayed a notable decrease in
the expression of NICD, Hesl, VE-Cad, and p-eNOS, whereas the
expression of ADAMI10 was not significantly altered. Furthermore,
there was a substantial increase in the expression of iNOS in the
cells treated with septic serum (Figures 1B, C). These results
indicate that septic serum can downregulate the expression of
NICD and its downstream molecules.

LPS and inflammatory cytokines, such as IL-6, in septic serum
may play an essential role in inducing EC dysfunction. LPS and IL-6
have been utilized to induce in vitro models of sepsis in cultured
ECs (19, 20). Therefore, we investigated whether LPS and IL-6
could alter the expression of NICD, Hesl, and VE-Cad. We found
that NICD, Hesl, and VE-Cad expression in Ea.hy 926 cells were
reduced by LPS (Figures 1D-G) or IL-6 (Figures 1H-K) in a
concentration- and time-dependent manner. These results suggest
that septic serum, LPS, and IL-6 can inhibit NICD and its
downstream signaling molecules.

3.2 Inhibition of NICD impairs the
endothelial barrier and leads to EC injury

To explore the role of NICD in endothelial barrier function,
Ea.hy 926 cells were treated with TGN, a flavonoid that can inhibit
the Notch signaling pathway (21). Consistent with a previous study
(22), we found that TGN inhibited protein expression of NICD,
Hesl, and VE-Cad in a concentration-dependent manner
(Figures 2A, B), which was similar to the results of Ea.hy 926
cells treated with LPS or IL-6. Next, we analyzed the impact of LPS
and TGN on endothelial barrier function and found that both TGN
and LPS impaired cell proliferation (Figure 2C), promoted cell
apoptosis (Figure 2D), increased cell permeability (Figure 2E) and
inhibited cell migration (Figure 2F), increased the levels of cleaved
PARP (an apoptosis indicator protein) and decreased Zo-1
expression (cell junction protein) in Ea.hy 926 cells (Figures 2G,
H). These results demonstrate that NICD and Notch signaling are
critical in regulating EC functions.

Since Akt signaling is known for maintaining endothelial
barrier function (23), we further investigated if the Akt signaling
pathway was involved in Notch signaling in our sepsis model. We
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FIGURE 1

Serum from sepsis patients, LPS and IL-6 inhibit Notch signaling. (A) FBS, control, and sepsis serum were collected to treat Ea.hy 926 cells. (B, C) The
expression of NICD, Hes1, ADAM10, VE-Cad, iINOS, p-eNOS, and eNOS in Ea.hy 926 cells were tested by Western blot after treating with the collected
serum for 4 (h) Representative images (B) and three experiments replicates (C) were displayed. (D, E) The levels of NICD, Hesl and VE-Cad were
detected by Western blot in Ea.hy 926 cells stimulated with the indicating concentration of LPS for 24 (h) Representative images (D) and three
experiments replicates (E) were displayed. (F, G) The expression of NICD, Hesl and VE-Cad were detected by Western blot in Ea.hy 926 cells stimulated
with 1000 ng/mL LPS for indicating time. Representative images (F) and three experiments replicates (G) were displayed. (H, ) The expression of NICD,
Hesl and VE-Cad were quantified by Western blot in Ea.hy 926 cells stimulated with the indicating concentration of IL-6 for 24 (h) Representative
images (H) and three experiments replicates (I) were displayed. (3, K) The levels of NICD, Hesl and VE-Cad were quantified by Western blot in Ea.ny 926
cells stimulated with 20 ng/ml IL-6 for indicating time. Representative images (J) and three experiments replicates

(K) were displayed. Data are shown as the mean + SEM. ns, no significance; *p < 0.05.

found that p-AKT was decreased while PTEN, a negative regulator
of p-AKT, was increased in cells treated with TGN, LPS or IL-6
(Figures 21, J; Supplementary Figures 1 A, B), suggesting that the
damage to EC function resulting from sepsis was likely mediated by
the AKT pathway.

3.3 Overexpression of NICD alleviates LPS-
induced endothelial dysfunction

To determine whether NICD overexpression could reverse or
alleviate LPS-induced endothelial dysfunction, we overexpressed
NICD in the Ea.hy 926 cells and confirmed the overexpression
using Western blot analysis (Figures 3A, B). We found that NICD
overexpression reversed the reduced cell viability and elevated cell
apoptosis induced by LPS treatment (Figures 3C, D). Furthermore,
the increased intercellular permeability and impaired cell migration
caused by LPS were alleviated following NICD overexpression
(Figures 3E, F). Subsequently, expression of NICD downstream
genes including Hesl, VE-Cad, and Zo-1, and Akt signaling
pathway molecules, such as p-AKT and PTEN, were restored
following NICD overexpression (Figures 3G, H). These data
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demonstrate that NICD overexpression can alleviate EC
dysfunction induced by LPS.

3.4 Melatonin alleviates LPS-induced
endothelial dysfunction by upregulating
NICD and activating AKT signaling

It was reported that melatonin could improve the soluble AB1-
42-induced impairment of spatial learning and memory via the
Notchl/Hesl signaling pathway (24). Therefore, we assayed
expression of NICD in Eahy 926 cells treated with increasing
concentrations of melatonin (0, 1, 10, 100 uM). We found that
melatonin upregulated the expression of NICD and activated AKT
signaling in the Ea.hy 926 cells (Figures 4A, B). To investigate the
effect of melatonin on EC function, we first treated cells with LPS for
24 h and then with melatonin for 4 h. We found melatonin
ameliorated the alterations in both cell proliferation (Figure 4C)
and cell apoptosis (Figure 4D) of Ea.hy 926 cells stimulated with
LPS. We also observed that melatonin significantly decreased
intercellular permeability and promoted cell migration induced by
LPS (Figures 4E, F). Moreover, melatonin reversed the effects of LPS
on cleaved PARP, as well as the changes in Hesl, VE-Cad, Zo-1,
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FIGURE 2

Inhibition of NICD impairs endothelial function. (A, B) The expression of NICD, Hesl, and VE-Cad in Ea.hy 926 cells were tested by Western blot
after treating with different concentrations of TGN for 24 (h) Representative images (A) and three experiments replicates (B) were displayed.

(C) CCK8 assay was used to evaluate the proliferation of Ea.hy 926 cells treated with LPS and TGN for 24 (h) (D) The apoptosis of Ea.hy 926 cells
regulated by LPS or TGN was tested with Annexin V-FITC/PI staining by flow cytometry. (E) The endothelial permeability was determined by the
transwell assay after being treated with LPS and TGN for 24 (h) Quantitative analysis was performed by measuring FD40 fluorescence intensity
relative to the control. (F) The migration of Ea.hy 926 cells was tested by wounding healing assay after being treated with LPS and TGN for 24 (h)
The percentage of wound closure was determined at O h and 24 (h) Representative microscopic cell images (F-left) immediately after wound
creation and 24 h later and statistical analysis of migration (F)-right) were shown. (G, H) The expression of cleaved PARP and Zo-1 were tested by
western blot in LPS-induced Ea.hy 926 cells with or without TGN. Representative images (G) and three experiments replicates (H) were displayed.
(I, J) The protein levels of PTEN and p-AKT were tested in Ea.hy 926 cells treated with indicated concentration of TGN. The data were obtained from
three independent experiments. Data are shown as the mean + SEM. *p < 0.05.

PTEN, and p-AKT expression (Figures 4G, H). These results reveal
that melatonin can alleviate LPS-induced endothelial dysfunction
by increasing cellular levels of NICD and activating AKT signaling.

3.5 LPS decreases NICD stability through
downregulating USPexpression

NICD is an intracellular domain protein generated by the
cleavage activity of ADAMI0 in the Notch pathway. We found
that ADAMI10 expression was not altered by LPS treatment
(Figure 1B). Thus, we hypothesized that LPS likely promotes
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ubiquitination of NICD to affect its stability. As expected, we
observed that LPS increased the ubiquitination of NICD, which
was inhibited by melatonin (Figure 5A; Supplementary Figure 2A).
Several studies have reported that NICD is highly ubiquitinated and
regulated by deubiquitinating enzymes (DUBs) (25, 26). We
investigated a series of deubiquitinating enzymes in Ea.hy 926
cells using RT-qPCR and observed that the mRNA levels of USP8
and USP11 decreased more than 2-fold in the LPS-treated cells
compared with control cells (Figure 5B). Furthermore, Western blot
data showed that USP8, but not USP11, was downregulated by LPS
treatment (Figure 5C; Supplementary Figure 2B). We speculated
that USP8 could interact with NICD to modulate NICD levels at the
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FIGURE 3

Overexpression of NICD reversed LPS-caused endothelial dysfunction. (A,

B) The expression of NICD in Ea.hy 926 cells was tested by Western blot

after transfected with blank plasmids, vector or NICD plasmids. Representative images (A) and three experiments replicates (B) were displayed.

(C) CCK8 assay was used to evaluate the proliferation of Ea.hy 926 cells treated with the indicated conditions. (D) The apoptosis of Ea.hy 926 cells
treated with indicated conditions was tested with Annexin V-FITC/PI staining by flow cytometry. Representative images (D)-left) and statistical
analysis of apoptosis (D)-right) for Ea.hy 926 cells transfected by blank plasmids, vector or NICD plasmids after LPS treatment were shown. (E) The
endothelial permeability was determined by the transwell assay after being treated with the indicated conditions. (F) The migration of Ea.hy 926 cells
was tested by wounding healing assay. Representative images (F)-left) and statistical analysis of migration (F)-right) for Ea.hy 926 cells transfected by

blank plasmids, vector or NICD plasmids after LPS treatment were shown.

(G, H) The protein levels of cleaved PARP, NICD, Hesl, VE-Cad, Zo-1,

PTEN, and p-AKT was tested in LPS-treated Ea.hy 926 cells with or without NICD-transfected. Representative images (G) and three experiments
replicates (H) were displayed. The data were obtained from three independent experiments. Data are shown as the mean + SEM. *p < 0.05.

post-translational stage. The interaction between endogenous
NICD and USP8 was validated by IP assays (Figure 5D,
Supplementary Figure 2C).

Next, we knocked down USP8 expression in Ea.hy 926 cells
using siRNA, which resulted in decreased expression of NICD
(Figure 5E; Supplementary Figure 2D). To further confirm the
function of USP8 in terms of NICD stabilization, Ea.hy 926 cells
transfected with negative control siRNA or si-USP8 were treated
with CHX for the indicated times (Figure 5F; Supplementary
Figure 2E). Compared with the presence of USP8, the half-life of
endogenous NICD was significantly shortened in USP8 knockdown
cells (Figure 5G). To verify whether si-USP8 inhibited the stability
of NICD by increasing NICD ubiquitination, we measured the
ubiquitination of NICD in Ea.hy 926 cells with or without si-USP8
transfection. NICD exhibited more pronounced ubiquitination in
the USP8 knockdown cells, and the LPS-induced ubiquitination of
NICD was rescued by melatonin, regardless of USP8 expression
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(Figures 5H, I; Supplementary Figures 2F, G). In summary, these
data demonstrate that LPS decreases the stability of NICD through
downregulating the expression of USP8.

3.6 Melatonin attenuates sepsis-induced
endothelial dysfunction in vivo

To verify the functional effects of melatonin on vascular ECs in
sepsis in vivo, we intraperitoneally injected LPS and used the CLP
method to establish two sepsis models (27). In the LPS-induced
sepsis model, the C57BL/6 mice were divided into three groups:
Control, LPS with saline (M-), and LPS with melatonin (M+). Both
saline and melatonin were injected every 2 h (Figure 6A),
respectively. C57BL/6 mice in the CLP group were divided into
four groups: Control, Sham, CLP with saline (M-), and CLP with
melatonin (M+). Saline and melatonin were injected 0.5 h before
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FIGURE 4

Melatonin alleviated LPS-induced endothelial dysfunction. (A, B) The level of NICD and p-AKT in Ea.hy 926 cells treated with indicated
concentrations of melatonin were tested with Western blot. Representative images (A) and three experiments replicates (B) were displayed. (C) CCK8
assay was used to evaluate the proliferation of Ea.hy 926 cells treated with the control, LPS without melatonin or LPS with melatonin for indicated
time. (D) The apoptosis of Ea.hy 926 cells treated with indicated conditions tested with Annexin V-FITC/PI staining by flow cytometry. Representative
images (D)-left) and statistical analysis of apoptosis (D)-right) for Ea.ny 926 cells treated with the control, LPS without melatonin or LPS with

melatonin were shown. (E) The endothelial permeability was determined

by the transwell assay after being treated with the control, LPS without

melatonin or LPS with melatonin. (F) The migration of Ea.hy 926 cells was tested by wounding healing assay after being treated with the control, LPS

without melatonin or LPS with melatonin. Representative images (F)-left)

and statistical analysis of migration (F)-right) of Ea.hy 926 regulated by

indicated treatment were shown. (G, H) The protein levels of cleaved PARP, Hesl, VE-Cad, Zo-1, PTEN, and p-AKT were tested in LPS-treated Ea.hy
926 cells with or without melatonin. Representative images (G) and three experiments replicates (H) were displayed. The data were obtained from
three independent experiments. Data are shown as the mean + SEM. *p < 0.05. **p < 0.01.

CLP surgery, just after surgery, and 4 h and 8 h after surgery
(Figure 6B). To examine changes in endothelium-dependent
vasodilation in septic mice, the responses of arteries to
acetylcholine (Ach) were measured. Compared with the control
group, thoracic aorta vasodilation was significantly reduced in
septic mice (Figures 6C, D), which were improved by melatonin
treatment. To investigate whether melatonin contributes to vascular
barrier function of septic mice, we examined EC permeability by
measuring Evans Blue dye (EBD) penetration into tissues (liver,
lung and heart). Our data showed that melatonin obviously reduced
sepsis-induced vascular permeability as evidenced by the decreased
penetration of EBD in liver and lung (Figures 6E, F), but not heart
(Figure 6G). Of note, We observed that melatonin significantly
rescued the death of septic mice, compared with vehicle-treated
septic mice (Figures 6H, I). In addition, sepsis significantly
increased serum levels of lactate, TNF-o and IL-6, which were
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effectively decreased by melatonin administration (Figures 6], K,
7A-D). The aortic mRNA levels of TNF-o and IL-6 were also
obviously upregulated in LPS injection (Supplementary Figures 3A,
B) and CLP group (Supplementary Figures 3C, D).
Next, aortas were isolated to detect the level of NICD using
immunohistochemistry and protein levels of NICD, USP8, Hesl,
VE-Cad, and p-AKT in indicated groups by immunoblotting. As
shown in Figures 7E, F, sepsis decreased NICD in the aortas, which
were rescued by melatonin treatment. Immunoblotting results
showed that melatonin recovered the expression of NICD, USP8,
Hesl, VE-Cad, and p-AKT in aorta tissues of septic mice
(Figures 7G, H). Similarly, sepsis-induced downregulation of
NICD and its downstream molecules were rescued by melatonin
(Figures 71, J). These data suggest that melatonin could be used to
attenuate sepsis-induced endothelial dysfunction and promote the
survival rate.
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FIGURE 5

The ubiquitination of NICD was regulated by USP8. (A) Ubiquitinated NICD measured by immunoprecipitation with anti-NICD antibody and
immunoblotting with anti-ubiquitin antibody in LPS treated Ea.hy 926 cells with or without melatonin. (B) The mRNA expression of a series of DUBs
in Ea.hy 926 cells was tested by real-time gqPCR. (C) The protein expression of USP8 and USP11 was detected by western blot in LPS-treated Ea.hy
926 cells with or without melatonin. (D) The interaction of NICD and USP8 in Ea.hy 926 cells was detected using Co-immunoprecipitation. (E) The
expression of NICD and USP8 in Ea.hy 926 cells transfected with different USP8 siRNA. Scramble siRNA was used as negative control (si-NC).

(F, G) The stability of NICD was tested in Ea.hy 926 cells transfected without or with si-USP8 at the indicated time after CHX (20 uM) treatment

(F). The quantitative analysis of (G) with Image J. (H, 1) The ubiquitination of NICD in Ea.hy 926 cells with indicated treatment through NICD
immunoprecipitation (H) and input (I). Data are shown as the mean + SEM. *p < 0.05. ns, no significance.

4 Discussion

In this study, we found that LPS, IL-6, or septic serum could
inhibit NICD and its downstream signaling molecules, resulting in
impaired endothelial barrier function and EC apoptosis.
Mechanistically, LPS decreased the stability of NICD through
downregulating the expression of USP8. Overexpression of NICD
or the application of the NICD-activating drug melatonin alleviated
LPS-induced endothelial dysfunction. The therapeutic effects of
melatonin on endothelial dysfunction in sepsis were mediated by
upregulating USP8 expression and inhibiting NICD degradation,
maintaining the stability of Notch signaling. Therefore, melatonin
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could be used to treat sepsis-mediated endothelial dysfunction by
targeting NICD.

Endothelial dysfunction is a critical event in the
pathophysiology of sepsis, which can lead to organ failure by
enhancing vascular permeability, fomenting coagulation cascade
activation and tissue edema, and compromising organ perfusion.
Notch receptors seemingly play opposite roles in the endothelium
and a majority of research has focused on the expression of Notch
but not NICD, which is the functional downstream molecule of
Notch activation. Numerous studies have shown that Notch activity
in ECs is necessary to maintain endothelial barrier function and
smooth muscle contractile phenotype, mainly through synergistic
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FIGURE 6

Melatonin attenuated sepsis-induced endothelial dysfunction. (A, B) Animal experiment flow chart in LPS group (A) and CLP group (B). (C, D) The
endothelium-dependent relaxation function of vessels was measured in LPS group treated without or with melatonin (C) and in CLP group treated
without or with melatonin (D). (E) Evans blue experiment in LPS group treated without or with melatonin was analyzed to test the vascular
permeability function of liver (left) and lung (right). (F) Evans blue experiment in CLP group treated without or with melatonin was analyzed to test
the vascular permeability function of liver (left) and lung (right). (G) Evans blue experiment in LPS group (left) and CLP group (right) treated without or
with melatonin was analyzed to test the vascular permeability function of heart. (H, 1) The survival rate of LPS group (H) and CLP group (l) treated
with or without melatonin was analyzed (n=8 in each group). (J, K) The serum lactate level in LPS group (J) and CLP group (K) was tested by a lactic
acid assay kit. Data are shown as the mean + SEM. *p < 0.05. **p < 0.01. ns, no significance.

interactions with other pathways to coordinate vascular
morphogenesis, differentiation, and function. In vitro experiments
have shown that overexpression of the Notch ligand Jaggedl can
promote EC proliferation (28), and activation of the Notch4
receptor can inhibit EC apoptosis (29). Notch signaling can also
influence the kinetics of VE-Cad in retinal blood vessels (30).

To investigate the role of the Notchl signaling pathway in
sepsis-induced vascular injury, we used a Notchl receptor-targeted
drug, TGN, to inactivate the Notchl signaling pathway. Previous
studies have shown that TGN can inhibit the expression of Notchl,
Hesl, and Heyl in tumor cells but does not affect the expression
levels of Notch2 and Notch3 (31). NICD and Hes1 expression were
significantly decreased by TGN in this study. Furthermore, vascular
EC injury caused by TGN was similar to that of LPS-induced
vascular EC injury, indicating that downregulation of the Notch1
signaling pathway is involved in LPS-induced vascular EC injury.
Patenaude et al. revealed that the inhibition of Notch signaling
could lead to the loss of functional blood vessels, reducing
endothelial carbon monoxide and nitrogen synthetase production
and further inhibiting tumor growth and angiogenesis (32).
Previous reports and our study consistently showed that
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inactivation of the Notchl signaling pathway in vascular EC
could lead to endothelial dysfunction, suggesting that LPS induces
vascular endothelial injury through downregulating the Notchl
signaling pathway.

Yet the multi-function of Notch signaling in the same disease,
even in the same cell is undeniable. For example, EC junctional
integrity is impaired not only upon loss of Notch function but also
due to sustained overactivation of endothelial Notchl. There are
also conflicting data regarding the role of endothelial Notch and
inflammation. On one hand, it has been reported that endothelial
Notch activity reduces inflammation and is protective against
atherosclerosis. In contrast, endothelial Notch signaling leads to
higher expression of proinflammatory mediators, and inhibition of
Notch reduces inflammation (33). In addition, Bai et al. found that
the levels of Notch signaling molecules, including Notch1, Notch2,
Hesl, and NICD, were increased in LPS-induced sepsis. Correcting
the dysregulated Notch signaling pathway can rescue mice organ
dysfunction and reduce inflammatory factor release (34). A likely
explanation for the opposite expressions of NICD in macrophages
and ECs during sepsis may be attributed to different Notch
signaling downstream targets.
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FIGURE 7

Melatonin attenuated sepsis-induced NICD downregulation in sepsis mice. (A, B) The serum levels of TNF-a (A) and IL-6 (B) in mice with the
indicated treatment in LPS injection mice were detected by ELISA. (C, D) The serum levels of TNF-a (C) and IL-6 (D) in mice with the indicated
treatment in CLP group were detected by ELISA. (E, F) Representative images of NICD expression in aorta tissues were detected by
immunohistochemistry with indicated treatment in LPS group (E) and CLP group (F). (G, H) The expression of NICD, USP8, Hesl, VE-Cad, and p-AKT
in LPS group in aorta tissues were tested using Western blot analysis. Representative images (G) and three experiments replicates (H) were displayed.
(I, J) The expression of NICD, USP8, Hesl, VE-Cad, and p-AKT in CLP group mice aorta tissues were tested using Western blot analysis.
Representative images (1) and three experiments replicates (J) were displayed. Data are shown as the mean + SEM. *p < 0.05. **p < 0.01.

Here, we showed that the Notchl signaling pathway was
activated by overexpressing NICD in vascular ECs. Overexpression
of Notch4 in ECs has also been shown to upregulate anti-apoptotic
proteins to inhibit apoptosis induced by LPS. However, the effect of
LPS on Notch4 expression in ECs was not mentioned. A similar study
suggested that NICD could resist LPS-induced apoptosis of ECs.
Further, while some studies detected the expression of the Notch
receptor in LPS-treated vascular ECs, activation of the entire Notch
signaling pathway was not reported. The innovation of this current
study was to determine the activated form of Notchl and its
downstream effector molecules.

The Akt pathway has been associated with several human
diseases and is mainly responsible for the response to
extracellular signals, cell metabolism, proliferation, survival, and
angiogenesis (23). In this study, we found that the Notchl signaling
pathway regulated the phosphorylation of Akt, which is mainly
controlled by PI3K, PDKI, and PDK2. In addition, as a negative
regulator of the Akt signaling pathway, PTEN can dephosphorylate
PIP3, which is produced by PI3K, and Akt cannot be translocated to
the cell membrane, making it accessible to phosphorylation (35). In
this study, we found that the Notchl signaling pathway negatively
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regulated PTEN expression and affected the phosphorylation level
of Akt.

Melatonin is an endogenous compound in the human body that
shares an amino acid sequence homologous to melatonin in
cyanobacteria. Melatonin can also be used as a dietary
supplemented (36). As a soluble substance, melatonin readily
crosses cell membranes, binds to melatonin receptors in cells, and
exerts various biological functions (37). Melatonin is metabolized
rapidly, so melatonin is very safe at high doses with no significant
clinical side effects. Studies have shown that melatonin can improve
organ function and survival rate in various models of sepsis (38).
Melatonin has been shown to improve hemodynamics in rats with
endotoxemia by scavenging TNF-o. in the plasma, nitric oxide
synthase in the liver, and oxygen free radicals in the aorta (39). In
a mouse model of sepsis, melatonin can alleviate blood-brain barrier
dysfunction and brain edema through the SIRT-1 pathway (40). In
the past, many studies have focused on melatonin’s anti-
inflammatory and anti-oxidant effects on vascular ECs, but
melatonin can also act as an inhibitor of the ubiquitin-
proteasome system (41). We proposed that melatonin enhances
the continuous expression of NICD and its downstream signaling
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molecules by inhibiting NICD ubiquitination. Consistent with our
expectation, we observed that melatonin inhibited NICD
ubiquitination and restored the decreased expression of USP8
induced by LPS, thus maintaining the stability of the Notch
signaling pathway. USP8 has been suggested to exert protective
effects against LPS-induced cognitive and motor deficits in mice by
modulating microglial phenotypes via TLR4/MyD88/NF-xB
signaling (42). However, the molecular mechanisms by which LPS
regulates USP8 remain unknown. Considering that the mRNA
levels of Usp8 were downregulated in response to LPS, we
hypothesized that post-transcriptional RNA modifications, such
as m6A RNA methylation, could be involved in regulating Usp8
levels. It has been demonstrated that methyltransferase-like 14-
induced m6A modification participates in the regulation of USP48
in hepatocellular carcinoma by maintaining Usp48 mRNA stability
(43). Although emerging evidence has implicated a role for m6A
modification in sepsis (44, 45), whether m6A modification directly
associates with Usp8 requires further exploration. In summary, our
findings provide new insight into the molecular mechanisms by
which melatonin improves sepsis-induced vascular injury,
expanding our knowledge of melatonin in treating sepsis.

Since the Notchl signaling pathway is essential to embryonic
growth and development, complete or conditional knockout will
cause high mortality in homozygous mice. As such, Notchl
knockout mice were not used in our study to verify the
mechanism of Notchl in vascular ECs in vivo. Notchl
knockdown has been limited to only in vitro experiments in
previous studies, and Notchl knockdown has not been reported
in mice or animal models. In future studies, we plan to overexpress
the NICD protein via an AAV approach that targets blood vessels to
construct NICD conditional knockout mice to provide a more solid
understanding of Notchl in vivo.

In summary, our findings indicate that LPS-induced NICD
downregulation and AKT inactivation may play important roles
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during endothelial dysfunction of sepsis. Our study also provides
evidence that melatonin could be a potential therapeutic molecule
in sepsis (Figure 8).
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Xiangya Hospital of Central South University, Changsha, China

Background: Sepsis is a syndrome with the disturbed host response to severe
infection and is a major health problem worldwide. As the front line of infection
defense and drug metabolism, the liver is vulnerable to infection- or drug-
induced injury. Acute liver injury (ALI) is thus common in patients with sepsis and
is significantly associated with poor prognosis. However, there are still few
targeted drugs for the treatment of this syndrome in clinics. Recent studies
have reported that mesenchymal stem cells (MSCs) show potential for the
treatment of various diseases, while the molecular mechanisms remain
incompletely characterized.

Aims and methods: Herein, we used cecal ligation puncture (CLP) and
lipopolysaccharide (LPS) plus D-galactosamine (D-gal) as sepsis-induced ALI
models to investigate the roles and mechanisms of mesenchymal stem cells
(MSCs) in the treatment of ALl in sepsis.

Results: We found that either MSCs or MSC-derived exosome significantly
attenuated ALl and consequent death in sepsis. miR-26a-5p, a microRNA
downregulated in septic mice, was replenished by MSC-derived exosome.
Replenishment of miR-26a-5p protected against hepatocyte death and liver injury

Abbreviations: ALL acute liver injury; MSC, mesenchymal stem cell; MALAT1, metastasis associated lung
adenocarcinoma transcript 1; CLP, Cecum Ligation and Puncture; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; WT, wild type; LPS, Lipopolysaccharides; GSH, glutathione;
MDA, Malondialdehyde.
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caused by sepsis through targeting Metastasis Associated Lung Adenocarcinoma
Transcript 1 (MALATY), a long non-coding RNA highly presented in hepatocyte and
liver under sepsis and inhibiting anti-oxidant system.

Conclusion: Taken together, the results of the current study revealed the
beneficial effects of MSC, exosome or miR-26a-5p on AL, and determined the
potential mechanisms of ALl induced by sepsis. MALAT1 would be a novel target
for drug development in the treatment of this syndrome.

KEYWORDS

sepsis, MALAT1, exosome, immunopharmacological interventions, immune regulation,
mesenchymal stem cells, miR-26a-5p

1 Introduction

Sepsis is a life-threatening syndrome secondary to severe
infection, accounting for a majority of death in critical-care
patients (1, 2). With the development of multi-drug resistant
bacteria and the boost of the aging population, the incidence of
sepsis has been increasing in recent decades (3). Although the
advance in antibiotics and life-supporting techniques allows a
decreasing mortality rate, therapeutic strategies are still limited in
clinics for the treatment of sepsis.

As the frontier of infection defense, the liver has a central role
during sepsis and is essential for the regulation of immune defense and
drug metabolism (4, 5). The liver could be activated by microbes or
alarm signals, and thus releases pro-inflammatory cytokines and
recruits immune cells, facilitating the clearance of microbes. In
addition, the liver, with the interaction of parenchymal and non-
parenchymal cells, modulates the inflammatory response to infection
so as to maintain immunological homeostasis (4, 5). However, the liver
is also a target for sepsis-related injury, where excessive microbes and
cytokine storm induced by severe infection can over-activate
inflammatory response and interrupt the homeostasis, thereby
rendering hepatocytes to be hyperactive or fall into irreversible death
(6, 7). Acute liver injury (ALI) has been reported to be a common
complication of sepsis, occurring in approximately 50% of septic
patients (8). Sepsis is the most common trigger for liver failure and
results in increased mortality. Acute liver dysfunction substantially
impairs the prognosis of sepsis and serves as a powerful independent
predictor of mortality in the intensive care unit. Therefore, it is urging
to explore novel methods or drugs for rescuing ALI in the treatment
of sepsis.

Mesenchymal stem cell (MSC) is a type of pluripotent cell,
characterized by excellent self-renewing and immunomodulatory
properties. MSCs are widely applied in a series of preclinical studies
for the treatment of tissue injury and inflammatory diseases, such as
central nerve injury, graft-versus-host disease, lupus, and so on (8).
MSCs have also been reported to show potential for the treatment of
sepsis (9). However, potential tumorigenic properties, quality variation
and undesirable side effects in hyperinflammatory circumstance limit
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the application of MSCs (10, 11). Alternatively, MSCs-derived
exosome, a cell-free particle carrying majority of the modulatory
function of MSCs, shows high potential efficacy in preclinical studies.
It has been demonstrated that MSC-derived exosome protects against
ischemia-reperfusion-induced liver injury by inhibiting the release of
inflammatory cytokines or alarming stimuli, such as TNFo, IL-6 and
high mobility group box 1 (HMGB1) (12). Above all, MSCs or MSC-
derived exosome play vital roles and present promising diagnostic and
therapeutic targets in organ injury.

Exosome exerts its function by transferring and releasing the
contents, including proteins, microRNA, and so on (13). MicroRNAs
(miRNAs), as small noncoding RNA molecules, regulate many
biological processes, such as cell proliferation, differentiation, and
apoptosis by being complementary to target mRNAs, resulting in
gene silence (14-16). Literature suggests that the abnormal
expression level of miRNAs is relevant to the pathogenesis of various
diseases (17, 18). Plasma exosomal microRNAs (miRNAs) are
considered as valid circulating biomarkers for disease diagnosis and
prognosis. However, the function of miRNAs from MSC-derived
exosome in ALI induced by sepsis remains unclear.

Metastasis Associated Lung Adenocarcinoma Transcript 1
(MALAT1I) is an evolutionally conserved long non-coding RNA,
implicated in various cancer and inflammatory diseases (19). Once
stimulation or subjected to environmental stress, such as oxidized-
LDL, lipopolysaccharides, hypoxia and high glucose, MALAT1 is
commonly upregulated in different cells, thus inducing pro-
inflammatory cytokine release, inflammatory cell infiltration and
cell death, thereby facilitating inflammatory responses and tissue
injury (20-22). Herein, we discovered that MSCs, MSCs-derived
exosome, and miR-26a-5p have the capacity to protect against
sepsis-associated ALI. Using genetically modified mice, we
identified that this protection could be mainly attributed to the
inhibition of MALAT1 via the exosome-delivered miR-26a-5p.

Thus, the findings of the present study suggest that MSCs, MSC-
derived exosome and miR-26a-5p are potential therapeutics, and
MALATI is a promising target for the treatment of ALI in sepsis,
which provides a new avenue and new insights for rescuing
the syndrome.
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2 Materials and methods
2.1 Mice

Malat1”" and WT mice on a C57BL/6] background were
purchased from Gempharmatech Co., Ltd and Hunan SJA
Laboratory Animal Company, respectively. Animals were maintained
in a specific pathogen-free environment at the Department of
Laboratory Animals of Central South University. Male mice with an
age of 8 weeks and a body weight of 22-25g were used in the present
study. Free access to water and standard chow was provided to all mice
during the whole experiment process. The experiment was conducted
in a standard condition with a room temperature of 22-25°C and 12/
12h light-dark cycles after obtaining the approval of the research ethics
committee of Central South University.

2.2 Cecum ligation and puncture

We followed the previously reported method to conduct CLP
model for polymicrobial sepsis. In brief, mice were anesthetized and
the lower abdomen was split for exposing the cecum which was
subsequently ligated (75%) and punctured using an 18-gauge
needle. Afterward, the cecum was reloaded and the wound was
closed, followed by a resuscitation via injecting warm saline
subcutaneously. The plasma and the liver were then harvested
12h after the operation for further experiments. Time of death
was recorded within 7 days.

2.3 Hepatocyte purification and culture

A collagenase perfusion technique was used for the purification
of primary mouse hepatocytes as shown previously (19). In brief,
pre-wormed PBS was injected via the inferior vena cava, followed
by perfusion using collagenase type IV. The liver was then
dissociated for releasing hepatocytes. After removing debris by a
passthrough via a 70 um strainer (Falcon), hepatocytes were
purified by a following centrifuge (50g) using 40% percoll (Sigma-
Aldrich), and plated on collagen-coated plates in Williams E
medium (Sigma) containing 5% fetal bovine serum (FBS). The
primary mouse hepatocytes were treated with LPS (1ug/ml) plus D-
gal (10mM) for 24h. Cell viability was assessed using CCK8 (Ck04,
Dojindo). In some experiments, cell lysates and supernatants were
collected at indicated time points for RNA, ELISA, Cytochrome
P450 activity and albumin release assay.

2.4 Liver dysfunction and oxidative stress

Liver dysfunction was monitored by the augment of plasma
levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), which were determined by an automatic
biochemical analyzer (Sysmex DRICHEM3500, Fuji, Japan)
according to the manufacturer’s instructions. For determining
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oxidative stress, liver homogenate in PBS was prepared and the
levels of GSH and MDA were assessed using commercial Kits
(A006-2-1 and A003-1-2, Nanjing Jiancheng Bioengineering
Institute). Albumin and Cytochrome P450 concentration in the
supernatant of primary hepatocytes were analyzed using ELISA kits
according to the manufacturer’s instructions (AF2818-A and
AF2766-A, Hunan Aifang Biological).

2.5 Real-time PCR

After extracted and purified by using Trizol (Life Technologies,
Gaithersburg, MD), total RNA was reversely transcribed into cDNA
by using Reverse Transcription Kit (Thermo Fisher Scientific). The
expression levels of target genes were assessed by quantitative real-
time polymerase chain reaction (qQRT-PCR) using qPCR mix
(Vazymebiotech, China) and designed primers, in which B-actin
was used as the endogenous control. For determining the level of
microRNA, qRT-PCR miRNA Detection kit (RiboBio, China) was
applied and U6 snRNA was used as the endogenous control.

2.6 MSCs culture and exosome purification

Human umbilical cord derived mesenchymal stem cells were
cultured in Dulbecco’s modified Eagles medium containing 10%
exosome-free fetal bovine serum and harvested when 90%
confluence was achieved. The cells were washed and resuspended
using PBS for intervention, whilst the supernatant medium was
collected for exosome purification. After removing dead cells, cell
debris, and large vesicles by sequential centrifugation at 200 xg for
10 min, 2000 xg for 20 min, and 15,000 xg for 30 min respectively,
the supernatants were centrifuged at 100,000 xg for 80 min.
Exosome was harvested by collecting the pellets after one time
wash using PBS. The morphology and size distribution of exosome
were examined by transmission electron microscopy and particle
size analyzer, respectively. The purified exosome was finally
identified by determining the expression of markers including
CD9, CD63, and TSG101 via Western Blotting (Anti-CD9, anti-
CD63 and anti-TSG101 antibodies were ab263019, ab134045 and
ab125011 from Abcam, respectively, with a dilution of 1:1000).

2.7 Tissue histology

Mice were sacrificed after the sham-operation or the challenge
of CLP at the target time point. The liver was dissociated and fixed
in 4% paraformaldehyde overnight, followed by dehydration before
being embedded in paraffin. Sections of the tissues were then
obtained at a thickness of 4 um and stuck onto glass slides. After
dewaxed, the sections were handled using a standard hematoxylin &
eosin (H&E) staining prior to imaging by using a microscope
(Eclipse80i, Nikon). The liver damage was mainly determined by
augment levels of plasma AST and ALT, with the assistance of the
representative image of H&E stained histological section using
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optical microscopy. All slides were blindly examined in more than 5
high-power fields to assess the damage in each section.

2.8 Luciferase reporter assay

To confirm the target of miR-26a-5p, luciferase reporter vectors
containing WT (UUACUUGA) and mutant (AAUGAACU) binding
sites of MALAT1 were constructed and transfected into 293T cells
using LipofectamineTM 3000 (L3000015, Invitrogen), followed by a
transfection of miR-26a-5p and mimic controls (100 nM using
riboFECT™ CP, C10511-05, Ribobio). The luciferase activity of cells
was determined 48 h later by using Luciferase Assay system
(Promega Corporation).

2.9 Statistical analyses

Statistical analyses were conducted by using GraphPad Prism 7.0.
Student t-test was used for comparison between two groups, whilst

10.3389/fimmu.2023.1157793

One- or Two-way ANOVA with Bonferroni’s post hoc test was used for
comparisons among more than two groups. Association between
groups was assessed using Spearman correlation. The survival rates
of mice were analyzed using the log-rank test (n=10 per group). Data
were expressed as mean =+ standard error of the mean in six biological
or three technical replications (23), and P value less than 0.05 was
considered as a significant difference.

3 Results

3.1 Mesenchymal stem cells attenuate
acute liver injury in sepsis model

To investigate the role of MSCs in the treatment of sepsis-
associated ALI, we administrated MSCs to mice via caudal vein lh
prior to the challenge of CLP, a classical model of poly-bacterial sepsis
(Figure 1A). We found that AST and ALT, two markers of ALI, were
significantly increased after challenge with CLP, indicating that sepsis
induces significant liver dysfunction. The intervention of MSCs
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FIGURE 1

MSCs protect from sepsis-induced acute liver injury. (A) Schematic illustration indicating the strategy of MSCs in the treatment of CLP-induced acute liver
injury. (B, C) Serum aspartate aminotransferase (AST) and alanine transaminase (ALT) level of mice challenged with CLP or treated with MSCs (10° cells per
mouse, =6 per group). (D) Survival analysis of mice challenged with CLP in the presence or absence of MSCs (n=10 per group). (E) Representative images
of H&E staining of livers from mice treated with MSCs before CLP or not (n=3 per group). Data are expressed as mean + SEM of independent experiments
analyzed by one-way ANOVA (B, C), and survival curve comparison [log-rank (Mantel-Cox) test]. * Means P<0.05.
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robustly reduced the augmented levels of AST and ALT (Figures 1B,
C). Similarly, H&E staining showed that the liver was pathologically
injured after CLP model, which was alleviated by the administration
MSCs (Figure 1E). As a consequence, MSCs significantly improved the
survival rate of mice in a sepsis model (Figure 1D). Taken together,
MSC:s are capable of protecting ALI in sepsis.

3.2 Exosome of mesenchymal stem cell
exerts protective effects against sepsis-
associated liver injury

Exosome is a functional compartment of stem cells in various
physiological circumstances (13). To investigate whether protective

10.3389/fimmu.2023.1157793

effects of MSCs are attributed to exosome, we collected and purified
exosome from the medium of cultured MSCs (Figure 2A), and
subjected mice to CLP model 1h after the treatment of the MSCs-
derived exosome (exosome from 5x10° cells per mouse). Electron
microscope showed regular spherical particles with a normal
distributed size of around 100 nm for the purified exosome
(Figures 2B, C). Three markers of exosome, such as CD9, CD63
and TSG101, were detectable as shown by western blotting
(Figure 2D). The purified exosome was subsequently
administrated to mice 1 h prior to a challenge of CLP. The results
suggested that the exosome significantly reduced CLP-augmented
AST and ALT (Figures 2E, F). H&E staining also pointed out a
similar trend, in which the liver injury was significantly attenuated
by administration of exosome (Figure 2G). As a result, the
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FIGURE 2

Exosome of MSCs attenuates sepsis-induced acute liver injury. (A) Schematic illustration indicating the purification of exosome from MSCs. (B) Quality of the
purified exosome identified by electron microscope (white arrows). (C) size distribution of the purified exosome. (D) Expression of exosome markers, such as
CD9, CD63 and TSG101, in purified exosome and MSCs. (E, F) Serum spartate aminotransferase (AST) and alanine transaminase (ALT) level of mice
challenged with CLP or treated with the purified exosome (exosome from 5x10° cells per mouse, N=6 per group). (G) Representative images of HHE staining
of the liver from mice challenged with CLP or treated with the purified exosome (n=3 per group). (H) Survival analysis of mice challenged with CLP in the
presence or absence of the purified exosome (n=10 per group). Data are expressed as mean + SEM of independent experiments analyzed by one-way
ANOVA (E, F), and survival curve comparison [log-rank (Mantel-Cox) test]. * Means P<0.05.
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intervention of the exosome ameliorated CLP-induced death
(Figure 2H). Thus, the exosome is the main executor of MSCs in
the inhibition of sepsis-associated ALIL

3.3 Exosome of mesenchymal stem cell
replenishes sepsis-downregulated miR-
26a-5p in the liver

Exosome exerts its function by transferring and releasing the
contents, including proteins, microRNA, and so on (13).
MicroRNA is a type of RNA around 22nt mediating target
mRNA degradation and thus silencing the expression of target
genes. To investigate whether MSC-derived exosome inhibits
sepsis-associated ALI by microRNA and, if so, which microRNA
is involved, we determined the expression of sepsis-associated
microRNA in the liver of CLP-challenged mice (24). It was found
that miR-26a-5p, miR-126, miR-125b, miR-146a and miR-223 were
significantly downregulated in the liver after the challenge of CLP

10.3389/fimmu.2023.1157793

(Figures 3A-E). Besides, the five microRNAs were significantly
upregulated in the primary hepatocytes after treated with MSC-
derived exosome, with the highest expression of miR-26a-5p
(Figures 3F-]), indicating that microRNA can be transferred into
primary hepatocytes via MSC-derived exosome. In line with the
cellular observation, we found that the five microRNA were
replenished in the liver after administrated with MSC-derived
exosome in the CLP model (Figures 3K-0O). These data
demonstrate that MSC-derived exosome resumes miR-26a-5p that
is reduced by sepsis in the liver.

3.4 MiR-26a-5p alleviates sepsis-associated
acute liver injury

MIiR-26a-5p is reported to function in a series of physiological
processes (25). To confirm the role of miR-26a-5p in ALI, we
transfected the microRNA into murine hepatocytes before a
challenge of LPS plus D-gal. It was discovered that LPS/D-gal
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FIGURE 3

Exosome replenishes sepsis-downregulated microRNA. (A—E) Levels of miR-26a-5p (A), miR-126 (B), miR-125b (C), miR-146 (D) and miR-223 (E) in
the liver of mice challenged with CLP or not (n=6 per group). F-J. Levels of miR-26a-5p (F), miR-126 (G), miR-125b (H), miR-146 (I) and miR-223 (J)
in the hepatocytes treated with or without MSC-derived exosome (exosome from 1x10° cells per ml, 3 technical repeats). (K—O) Levels of miR-26a-
5p (K), miR-126 (L), miR-125b (M), miR-146 (N) and miR-223 (O) in the liver of mice challenged with CLP and treated with or without MSC-derived
exosome (exosome from 5x10° cells per mouse, n=6 per group). Data are expressed as mean + SEM of independent experiments analyzed by

student t tests. * Means P<0.05.
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dramatically induced hepatocyte death, which was significantly
reversed by the addition of miR-26a-5p (Figure 4A). In addition,
the reversion was in a dose-dependent manner (Figure 4B),
indicating the essential role of miR-26a-5p in the protection
against hepatocyte death caused by ALIL Consistent with the cell
observations, administration of miR-26a-5p attenuated CLP-
induced liver injury (Figures 4C-E), and rescued approximately

10.3389/fimmu.2023.1157793

40% of the lethality (Figure 4F). In line with these observation,
administration of exosome alone or combining miR-26a-5p with
exosome rescued approximately 50% of the lethality, which was a
little higher than miR-26a-5p alone, but none of statistical
significance (Figure 4F). Thus, these findings support that the
protective effect of MSC-derived exosome against ALI is primarily
mediated by miR-26a-5p in sepsis.
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3.5 MALATL1 is the target of miR-26a-5p in
acute liver injury

To reveal the target of miR-26a-5p, we used Encyclopedia of
RNA Interactomes (ENCORI) to conduct a screening. We found
that MALATI, a well-known long non-coding RNA, showed a
high binding score with miR-26a-5p (Figure 5A). LPS plus D-gal
stimulate increased MALAT1 transcription in hepatocytes, which
could be restored in a dose-dependent and time-dependent
manner by transfection of miR-26a-5p (Figures 5B, C).
Mutation of the putative target site of MALATI1 prevented the
reduction of luciferase activity through the specific binding site of
miR-26a-5p induced by LPS plus D-gal stimulation (Figure 5D).
In line with these observations, further in-vivo study revealed that
miR-26a-5p was significantly dampened when MALAT1 was
robustly boosted in the liver of mice challenged with CLP
(Figures 5E, F). In addition, the downregulation of miR-26a-5p
was significantly associated with the upregulation of MALAT1
(Figure 5G). Thus, MALAT1 is the target of miR-26a-5p in the
treatment of sepsis-associated ALIL

3.6 MiR-26a-5p suppresses acute liver
injury in sepsis by silencing MALAT1

To identify the role of MALATI and miR-26a-5p in sepsis-
associated ALI, we subjected WT or Malat1-deficient mice with CLP
in the presence or absence of miR-26a-5p. We found that MALAT1
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deficiency significantly reduced the CLP-augmented plasma levels of
AST and ALT, indicating recovery of liver dysfunction (Figures 6A, B).
Administration of miR-26a-5p did not additionally reduce the level of
AST and ALT in MalatI-deficient mice (Figures 6A, B). A recent study
reported that MALAT1 inhibits anti-oxidant system and thus
promotes sepsis in CLP model (26). To investigate the mechanism of
MALAT1 involving sepsis-associated ALI, we determined MDA and
GSH levels in the liver of mice. The result demonstrated that CLP
boosted the levels of MDA, and reduced the level of GSH in the liver,
which was significantly attenuated by deleting Malat] without further
reduction by administrating miR-26a-5p (Figures 6C, D). We also
extracted primary hepatocytes from WT and Malat1-deficient mice to
detect indicators of oxidative stress. The role of the radical scavenger
enzymes catalase (Cat) and glutathione peroxidase (GPX), which
remove oxygen radicals, has been assessed in this context. In our
study, we provide evidence that Cat and GPX expression was
diminished at the RNA level in primary hepatocytes after challenge
with LPS plus D-gal, suggesting impaired detoxification of ROS, which
were all attenuated by MALAT1 deficiency (Figures 6E, F). Albumin
and Cytochrome P450 activity were analyzed to measure the link
between hepatocytes function and oxidative stress. We found that the
decreased albumin and impaired activity of Cytochrome P450 activity
were significantly restored by deleting MALAT1 (Figures 6G, H),
indicating that the oxidative stress contributes to the enhancement of
liver damage by MALAT1. Moreover, Malatl deficiency dramatically
rescued CLP-induced mice death (Figure 6I) and liver injury
(Figure 6]), and administration of miR-26a-5p did not provide
further prevention on the basis of MALAT1 deficiency (Figure 6G).
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FIGURE 6

miR-26a-5p suppresses sepsis-induced acute liver injury by inhibiting MALAT-1-associated oxidative stress. (A, B) Serum aspartate aminotransferase
(AST) and alanine transaminase (ALT) level of WT or Malat1™~ mice challenged with CLP or treated with the miR-26a-5p (n=6 per group). (C, D) GSH
and MDA activity in the liver of WT or Malatl”~ mice challenged with CLP or treated with the miR-26a-5p (n=6 per group). (E, F) Quantitative real-
time PCR (QRT—PCR) analysis of Catalase (Cat, E) and glutathione peroxidase (GPX, F) in primary hepatocytes (n=3 repeats). (G, H) Albumin (G) and
Cytochrome P450 activity (H) in the supernatant of primary hepatocytes (n=3 repeats). (I) Survival analysis of WT or Malatl”~ mice challenged with
CLP and treated with or without miR-26a-5p (n=10 per group). (J) Representative images of HE staining of livers from WT or Malatl”" mice
challenged with CLP and treated with or without miR-26a-5p. Data are expressed as mean + SEM of independent experiments analyzed by two-way
ANOVA (A=F), and survival curve comparison [log-rank (Mantel-Cox) test]. * Means P<0.05.

These data demonstrate that miR-26a-5p inhibits sepsis-induced ALI
by targeting MALAT1, which inhibits anti-oxidant system.

4 Discussion

Liver injury is a common complication of sepsis, contributing to
the pathogenesis of multiple organ dysfunction and predicting poor
outcomes (27). However, the specific treatment targeting sepsis-
associated ALI is scant in clinics. In the present study, we discovered
a novel role of MSCs and MSC-derived exosome for treating ALI in
sepsis, and revealed the underlying mechanism that exosome-delivered
miR-26a-5p attenuate the syndrome by silencing MALAT1.

Based on the understanding of the mechanisms, a series of
preclinical studies or clinical trials have investigated the effects of
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anti-inflammation and anti-death medicine in the treatment or
prevention of liver failure in sepsis. It has been reported that
pyroptosis commonly occurring in infection-induced liver injury,
is a therapeutic target for the treatment of this syndrome. As
important inhibitors of pyroptosis, AC-YVAD-CMK and/or
Glyburide display a protective effect against liver injury in sepsis
model (28).

MSCs are widely investigated in the treatment of tissue repair
and various inflammatory diseases due to the excessive renewing
and immunomodulatory properties (10). MSC-derived exosome
suppresses pro-inflammatory cytokines and promotes anti-
inflammatory cytokines and responses in a concanavalin-A-
induced liver injury model (29). In addition, the particle also
exerts anti-oxidant and anti-apoptotic properties, thereby
attenuating liver failure and improving survival rate in mice
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challenged by D-galactosamine plus TNFa. (30). In another liver
injury model induced by carbon tetrachloride (CCL4), MSC-
derived exosome delivers glutathione peroxidase 1 (GPX1) to the
liver, which consequently alleviates oxidative stress and hepatic
injury (31). Nevertheless, it is still unknown whether MSC-derived
exosome has a protective effect on sepsis-induced liver injury. In
line with previous study, we herein found that the exosome
dramatically prevented hepatocyte death, liver injury and so-
caused mice mortality by inhibiting MALATI1 via delivery of
miR-26a-5p.

MALAT!] is an evolutionally conserved long non-coding RNA,
implicated in various cancer and inflammatory diseases (19). It has
been reported that MALATT1 is highly expressed in septic patients
or mice with sepsis model (26). Depletion of MALAT1 significantly
inhibited sepsis-induced mice death by improving the anti-oxidant
capacity of glutathione (26). Consistently, our study found that
sepsis boosts oxidative stress in the liver, thereby facilitating
hepatocyte death and liver injury. MALATI1 deficiency
dramatically inhibits oxidative stress, and thus attenuates liver
injury in sepsis. MSC-derived exosome delivered miR-26a-5p
mediated MALAT1 breakdown and consequently protected
sepsis-associated ALIL Thus, silencing MALATI by miR-26a-5p
from MSC-derived exosome ameliorates liver injury in sepsis.

In conclusion, MSCs, MSCs-derived exosome and miR-26a-5p
could effectively protect against sepsis-induced ALI by inhibiting
MALATI and MALAT1-enhanced oxidative stress. Our findings
provide a new insight for understanding the molecular mechanism
of ALL and provide a potential approach and drug target for the
treatment of liver injury in sepsis. However, this was a preliminary
study and the pathogenesis of ALI in sepsis is complex. Therefore,
large-scale studies will be needed to confirm the detailed
mechanisms of MALAT1, miR-26a-5p, MSCs-derived exosome,
and MSCs pathway in ALI injury of sepsis through animal
experiments and clinical tests in the future.
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v0 T cell-intrinsic IL-1R promotes
survival during Staphylococcus
aureus bacteremia

Yu Wang, Michael Z. Ahmadi, Dustin A. Dikeman,
Christine Youn and Nathan K. Archer*

Department of Dermatology, Johns Hopkins University School of Medicine, Baltimore,
MD, United States

Staphylococcus aureus is a leading cause of bacteremia, further complicated by
the emergence of antibiotic-resistant strains such as methicillin-resistant S.
aureus (MRSA). A better understanding of host defense mechanisms is needed
for the development of host-directed therapies as an alternative approach to
antibiotics. The levels of IL-1, IL-17, and TNF-a cytokines in circulation have been
associated with predictive outcomes in patients with S. aureus bacteremia.
However, their causative role in survival and the cell types involved in these
responses during bacteremia is not entirely clear. Using a mouse model of S.
aureus bacteremia, we demonstrated that IL-17A/F and TNF-o had no significant
impact on survival, whereas IL-1R signaling was critical for survival during S.
aureus bacteremia. Furthermore, we identified that T cells, but not neutrophils,
monocytes/macrophages, or endothelial cells were the crucial cell type for IL-
1R-mediated survival against S. aureus bacteremia. Finally, we determined that
the expression of IL-1R on y3 T cell, but not CD4™ or CD8* T cells was responsible
for survival against the S. aureus bacteremia. Taken together, we uncovered a
role for IL-1R, but not IL-17A/F and TNF-a in protection against S. aureus
bacteremia. Importantly, ¥d T cell-intrinsic expression of IL-1R was crucial for
survival, but not on other immune cells or endothelial cells. These findings reveal
potential cellular and immunological targets for host-directed therapies for
improved outcomes against S. aureus bacteremia.

KEYWORDS

Staphylococcus aureus, IL-1R, bacteremia, T cells, host defense, cytokines

1 Introduction

Staphylococcus aureus is a leading cause of bacteremia (1), with a mortality rate of
~25% due to the emergence of antibiotic-resistant strains such as methicillin-resistant S.
aureus (MRSA) (2). Furthermore, all vaccines to date have failed in clinical trials against S.
aureus invasive infections (3, 4). Thus, a better understanding of host defense mechanisms
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is needed for the development of host-directed therapies as an
alternative approach to antibiotics.

The IL-1, IL-17, and TNF-a. cytokines have been implicated in
host defense against S. aureus skin and orthopedic infections (5-8).
Moreover, IL-1, IL-17, and TNF-o cytokine levels in circulation
have been associated with predictive outcomes in patients with S.
aureus bacteremia (4, 9-12). For instance, elevated IL-1[3 at the time
of patient admission correlated with reduced duration of the S.
aureus bacteremia (11). However, whether the IL-1, IL-17, and
TNF-o cytokines have a causative role in host survival and the cell
types involved in these responses during S. aureus bacteremia is not
entirely clear.

In this study, we evaluated the contributions of IL-10/f, IL-
17A/F, and TNF-o to host survival during S. aureus bacteremia
using a preclinical mouse model. Furthermore, we identified the
specific cell types that promote host survival using mice with
specific deletion of IL-1R on T cells, myeloid cells, neutrophils,
and endothelial cells.

2 Materials and methods
2.1 Bacterial preparation

The community-acquired methicillin-resistant S. aureus
(MRSA) USA300 SF8300 strain, a kind gift from Dr. Binh Diep
(UCSF), was cultured in tryptic soy broth (TSB) as previously
described (13, 14). Briefly, SF8300 was streaked onto a tryptic soy
agar (TSA) plate (TSB plus 1.5% bacto agar (BD Biosciences)) and
grown overnight at 37°C in a bacterial incubator. Two to three
single colonies were picked and cultured in TSB at 37°C in a shaking
incubator (240 rpm) overnight (18 h), followed by a 1:50 subculture
at 37°C for 2 h to obtain mid-logarithmic phase bacteria. The
bacteria were pelleted, washed 3 times with sterile PBS, resuspended
in sterile freezing medium (10% glycerol in sterile PBS) at a
concentration of 1x10' CFU/ml and aliquots stored in cryovials
at -80°C until needed. The number of CFUs was confirmed with
overnight culture on TSA plates.

2.2 Mice

Age-matched 6-8-week-old female mice on C57BL/6 background
were used for all experiments. The IL-107, IL—IB_/ -, and IL-17A/F 7~
mice were provided by Dr. Yoichiro Iwakura (University of Tokyo).
The VE-Cad“"xIL-1R" (VE-Cad-IL-IR”") mice, which lack IL-1R
signaling in endothelial cells were provided by Dr. Michael O’Connell
(NIH/NIAID). WT C57BL/6, TNF-a:”~ (B6.1295-tnf™ /1), IL-1IR "~
(B6.129S7-11r1"™"™/]), Lk (B6.Cg-Tg(Lck-cre)548xm/J), LysM“™
(B6.129P2-Lyz2"™!(crofe/y - CD4C™ (Tg(Cd4-cre)1Cwi/Bflu]),
S100A8°™ (B6.Cg-Tg(S100A8-cre,-EGFP)11lw/]), TCR§ "R
(B6.129S-Terd ™! (ere/ERTDZhu 1y =y nd TL-1RM mice (B6.129(Cg)-
M1r1™ R8Ty were obtained from Jackson Laboratories (Bar
Harbor, ME).

Lck®™ mice were crossed with IL-1 mice to obtain
Lk xIL-1RM" (Lek-IL-1R77), which lack IL-1R signaling in

Rﬂ/ fl
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pan-T cells. LysM™ were crossed with IL-IR"" mice to obtain

LysMExIL-1R"" (LysM-IL-1R”") mice, which lack IL-1R

8Cre fl/fl

signaling in myeloid cells. SI00A were crossed with IL-1R
mice to obtain S100A8™*xIL1IRM? (S100A8-IL-1R™) mice, which
lack TL-1R signaling in neutrophils. CD4°™ were crossed with IL-
IR mice to obtain CD4“*xILIR"? (CD4-IL-1R™") mice, which
lack IL-1R signaling in CD4-expressing cells, including both CD4*
and CD8" T cells (due to dual expression of CD4 in both T cell types
during thymic development). TCR“"*® mice were crossed with
IL-1R"M mice to obtain TCREFRXILIRY! (TCRS-IL-1R ™) mice,
which lack IL-1R signaling in y0 T cells upon tamoxifen-
inducible deletion.

2.3 Study approval

All mouse strains were bred and maintained under the same
specific pathogen-free conditions, with air-isolated cages at an
American Association for the Accreditation of Laboratory Animal
Care (AAALAC)-accredited animal facility at Johns Hopkins
University and handled according to procedures described in the
Guide for the Care and Use of Laboratory Animals as well as Johns
Hopkins University’s policies and procedures as outlined in the
Johns Hopkins University Animal Care and Use Training Manual.
This study was approved by the Johns Hopkins Animal Care and
Use Committee (Protocol #: MO21M378).

2.4 Intravenous infection

The S. aureus bacteremia model was modified from previously
described protocols (15, 16). Briefly, 6-to-8-week-old female
C57BL/6 mice were anesthetized (inhalation of 2% isoflurane)
and inoculated intravenously with 4.8-5.8 x 107 SF8300 in a 100-
UL volume of PBS using a 29-gauge insulin syringe via the retro-
orbital vein to achieve an LD90.

2.5 Tamoxifen-inducible deletion of IL-1R

The inducible deletion of IL-1R on Y3 T cells was modified from
a previously described protocol (17). The TCRS-IL-1R™~ mice were
treated daily with 100 ul of 1 mg/ml tamoxifen in sunflower oil
injected intraperitoneally for 5 consecutive days. The bacteremia
infections were performed 10 days after the last tamoxifen injection.
Wild-type (WT) mice were subjected to the same tamoxifen
regimen when paired with TCRS-IL-1R™'~ mice. Tamoxifen-
inducible deletion of IL-1R was confirmed by flow cytometry,
which was comparable to the ~60% deletion efficiency in yd T
cells in TCRE*® mice based on prior reports (18).

2.6 Flow cytometry

For flow cytometric analysis, 100 pl of peripheral blood and
spleen was collected from tamoxifen-treated WT and TCRS-IL-1R ™/~

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1171934
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

mice 3h after intravenous infection. Red blood cells were lysed with
ACK lysis buffer (ThermoFisher Scientific) and cells were
resuspended in FACS buffer (PBS containing 1% BSA and 2mM
EDTA). Spleen was manually pushed through a cell separation filter
(40 um) and resuspended in FACS buffer. Single cell suspensions
were stained for viability (Viobility 405/520 viability kit, Miltenyi
Biotec) and TruStain fcX (Biolegend) was used to block Fc receptor
binding. Next, blood single cells were surface stained with the
following mAbs: PE-Vio770-CD3 (REA641, Miltenyi Biotec), PE-
CD8a (REA601, Miltenyi Biote), APC-Vio770-CD4 (REA604,
Miltenyi Biote) VioBlue-TCRYd (REA633, Miltenyi Biotec), and
APC-CD1210. (clone JAMA-147, BioLegend). The yd T cells were
identified as CD3"CD4 CD8 TCRY3" cells from the live cell
population. Spleen single cells were surface stained with the
following mAbs: PerCP-Vio700-CD45 (REA737, Miltenyi Biotec),
APC-CD11b (REA592, Miltenyi Biotec), VioBlue-Ly6C (REA796,
Miltenyi Biotec), APC-Vio770-Ly6G (REA526, Miltenyi Biotec), and
PE-Vio770-F4/80 (REA126, Miltenyi Biotec). Cell acquisition was
performed on a MACSQuant analyzer (Miltenyi Biotec) and data
analyzed using MACSQuantify software (Miltenyi Biotec). See
Supplementary Figure 1 for gating strategy.

2.7 Ex vivo CFU enumeration

At 3h post infection, mice were euthanized, and the spleen,
liver, and kidneys were harvested and ex vivo CFU were isolated as
previously described (5, 19). The tissue specimens were
homogenized (PRO200 Series homogenizer; PRO Scientific) and
then serially diluted and cultured overnight on TSA plates at 37°C.
Ex vivo CFU from the homogenized tissue were then enumerated
from the plates.

2.8 Statistical analyses

Survival rates were compared by log rank (Mantel-Cox) test and
data from single comparisons analyzed by Student’s t test (two-
tailed), as indicated in the figure legends. All statistical analyses
were calculated with Prism software (GraphPad 9.5 Software, La
Jolla, California). CFU data are presented as geometric mean +
geometric standard deviation (SD). All other data are presented as
mean * standard error of the mean (SEM) and values of P <0.05
were considered statistically significant.

3 Results

3.1 IL-1R signaling improves survival during
S. aureus bacteremia

The levels of IL-1, IL-17, and TNF-o. cytokines in circulation
have been associated with predictive outcomes in patients with S.
aureus bacteremia (4, 9-12). Therefore, we set out to determine the
mechanistic effect of IL-10/p, TNF-o, and IL-17A/F on survival
during S. aureus bacteremia using a preclinical mouse model whereby
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4.8-5.8 x 10” CEUs of S. aureus USA300 (SF8300) were injected i.v.
and survival measured over time (15, 16). To determine the role of IL-
1R signaling, we first performed our bacteremia model on wild-type
(WT) C57BL/6 and IL-1R™"~ mice and found that IL-1R”"~ mice had a
statistically significant decrease in survival compared to WT mice
(Figure 1A). Since IL-10 and IL-1 signal through the IL-1R (20), we
next tested IL-1o.”~ and IL-1B~~ mice and discovered that both IL-
1oc’~ and IL-187~ mice had a markedly reduced survival compared to
WT mice (Figure 1A). Next, we examined IL-17A/F”~ and TNF-0. ™~
mice and found no statistically significant differences compared to
WT mice (Figure 1B). Taken together, our data indicated that IL-1o
and IL-1P signaling via IL-1R enhanced survival during S. aureus
bacteremia infections.

3.2y T cell-intrinsic IL-1R signaling
promotes survival during S. aureus
bacteremia

Since IL-1R signaling was important for survival during S.
aureus bacteremia infections, we next elucidated the specific cell
types involved in the IL-1R response. Various cell types use IL-1R
signaling to drive host defense and inflammation (20), including
myeloid cells, T cells, and non-immune cells (21). Thus, we
developed mice with specific deletion of IL-1R in T cells (Lck-IL-
1R7), myeloid cells (LysM-IL-lR’/’), and neutrophils (S100A8-IL-
IR77). We also used mice with specific deletion of IL-1R in
endothelial cells (VE-Cad-IL-1R™"), since S. aureus interacts with
endothelial cells upon bacteremia infections (22). We discovered
that only the Lck-TL-1R™™ mice had a significant defect in survival
compared to WT mice (Figure 2A), suggesting that IL-1R signaling
on T cells, but not myeloid cells, neutrophils, or endothelial cells
was important for host survival.

We next determined the specific T cell subset required for IL-1R
signaling, since CD4+ and yd T cells are reported to be involved in
host defense against S. aureus infections (7, 23-25). To this end, we
developed and tested mice with specific deletion of IL-1R in CD4+
T cells (CD4-IL-1R”") and tamoxifen-inducible deletion of IL-1R
in Y8 T cells (TCRS-IL-1R”"). We discovered that CD4-IL-1R™"~
mice had no difference in survival compared to WT mice
(Figure 2B). Interestingly, there was markedly decreased survival
in TCR&-IL-1R”" mice compared to WT mice (Figure 2C). There
was a trend towards increased circulating yd T cells counts in TCRS-
IL-1R”~ mice compared to WT mice (Figure 3A). We confirmed
tamoxifen-inducible deletion of IL-1R on yd T cells in the TCRS-IL-
IR”" mice by flow cytometry (Figure 3B). Collectively, IL-1R
signaling on y0 T cells was important for survival during S.
aureus bacteremia infections.

3.3y T cell-intrinsic IL-1R signaling
increases monocyte recruitment to the
spleen during S. aureus bacteremia

We next elucidated whether yd T cell-intrinsic IL-1R signaling
affected immune cell levels and S. aureus burden during the
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FIGURE 1
IL-1R signaling improves survival during S. aureus bacteremia. The S. aureus bacteremia infection was performed on WT, IL-1o./", ILflli””, IL-1R™,

IL-17A/F~/~, and TNF-0™'~ mice. (A) Survival (%) of WT, IL-10/

, IL-1B /= and IL-1R™'~ mice (n=7-10 per group, average inoculum = 4.8 x 10” CFUs).

(B) Survival (%) of WT, IL-17A/F~/~, and TNF-o.~/~ mice (n=9-30 per group, average inoculum = 5.4 x 107 CFUs). P < 0.001 and n.s. = not significant;
WT versus IL-1o.”/~, IL-17/~, IL-1R™/~, IL-17A/F~/~, and TNF-a~/~ as calculated by log rank (Mantel-Cox) test. Data were combined from at least 2

independent experiments.

bacteremia. To this end, we first measured neutrophil, monocyte,
and macrophage population levels in the spleens of TCRS-IL-1R™"
and WT mice 3 hours post-infection. We found that monocytes, but
not neutrophils or macrophages, were significantly decreased in
TCRS-IL-1R™~ mice compared to WT mice (Figures 3C-E). Next,
we measured S. aureus CFUs in the spleen, liver, and kidney, but
found no difference in bacterial burden between TCRS-IL-1R ™/~ and
WT mice (Figures 3F-H). These data indicated that yd T cell-
intrinsic IL-1R signaling promoted monocyte recruitment to the
spleen during S. aureus bacteremia.
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4 Discussion

The IL-1, IL-17, and TNF-o cytokines contribute to host
defense against S. aureus skin and orthopedic infections (5-8).
Although IL-1, IL-17, and TNF-o cytokine levels in circulation
have been associated with predictive outcomes in patients with S.
aureus bacteremia (4, 9-12), whether these cytokines
mechanistically promote host survival and the cell types
involved in these responses is under-investigated. Thus, we
tested mice deficient in IL-1, IL-17, and TNF-o cytokines in a
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Y3 T cell-intrinsic IL-1R signaling promotes survival during S. aureus bacteremia. The S. aureus bacteremia infection was performed on Lck-IL-1R™,
LysM-IL-1R™/~, S100A8-IL-1R™/~, VE-Cad-IL-1R™/~, CD4-IL-1R™/~, and TCR$-IL-1R ™/~ mice. (A) Survival (%) of Lck-IL-1R™/~, LysM-IL-1R™/~, S100A8-
IL-1R™'7, VE-Cad-IL-1R™/~ mice (n=8-35 per group, average inoculum = 5.4 x 10’ CFUs). (B) Survival (%) of WT and CD4-IL-1R™'~ mice (n=28-30
per group, average inoculum = 5.4 x 107 CFUs). (C) Survival (%) of WT and TCR&-IL-1R™/~ mice (n=29 per group, average inoculum = 5.4 x 10’
CFUs). tP < 0.01, #P < 0.001, and n.s. = not significant; WT versus Lck-IL-1R™/~, LysM-IL-1R™/~, S1I00A8-IL-1R~/~, VE-Cad-IL-1R™/~, CD4-IL-1R™/",
TCR&-IL-1R™/~ as calculated by log rank (Mantel-Cox) test. Data were combined from at least 2 independent experiments.

preclinical mouse model of S. aureus bacteremia and discovered
that IL-1R signaling was important for host survival. Furthermore,
we identified 8 T cells as the cell type that drives IL-1R-mediated
host survival against S. aureus bacteremia. These results provide
several important insights into the protective host responses
during S. aureus bacteremia.

First, we found that IL-1R signaling contributed to host survival
during S. aureus bacteremia, which aligns with previously published
reports (26, 27). Similarly, IL-1R signaling promotes host defense
against S. aureus skin, orthopedic, and pneumonia infections (5, 8,

Frontiers in Immunology

28). Interestingly, we found that both IL-lor and IL-1B were
important in our model, suggesting they have non-redundant
roles in host survival. This may be explained by the differences in
expression profiles between the cytokines. For instance, IL-1ot is
constitutively expressed in non-immune cell types (29), whereas IL-
1B is induced (30). Moreover, IL-1ot has a nuclear localization
sequence that is absent in IL-1f (31), which has important
implications in inflammation (32). Understanding the differential
mechanisms of protection between IL-lo and IL-1B against S.
aureus bacteremia will be the focus of future work.
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Yo T cell-intrinsic IL-1R signaling promotes monocyte recruitment during S. aureus bacteremia. WT and TCR&-IL-1R—/- mice were treated daily with
100 ul of 1 mg/ml tamoxifen in sunflower oil injected intraperitoneally for 5 consecutive days. The bacteremia infections were performed 10 days
after the last tamoxifen injection. After 3h post-infection, peripheral blood and spleen were collected for flow cytometry analysis, spleen, liver, and
kidney were collected for ex vivo CFU enumeration. Mean cell numbers + SEM for total y8 T cells (A), IL-1R* y3 T cells (B), neutrophils (C),
monocytes (D), and macrophages (E). Ex vivo CFU (geometric mean + geometric SD) for spleen (F), liver (G), and kidney (H). n=3 per group for A
and B, n=9 per group for C, D, and (E) n=5 per group for F, G, and (H) tP < 0.01 and n.s. = not significant; WT versus TCR3-IL-1R—/- as calculated

by Student’s t test. Data are combined or representative from 2 independent experiments

We also discovered that TNF-ot and IL-17A/F did not influence
host survival during S. aureus bacteremia at the dose tested. This
was unexpected, as both TNF-a and IL-17A/F drive host defense
against S. aureus at other infection sites (e.g., skin and orthopedic
implants) (5-7, 33, 34). However, in a baboon model of group A
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streptococcal bacteremia infection, anti-TNF-o. monoclonal
antibody therapy improved survival outcomes (35). Similarly,
heightened TNF-o. production correlated with persistent rather
than resolving bacteremia in patients (12). Another possibility for
the lack of phenotype in TNF-o. deficient mice is that lymphotoxin-
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o signals through the TNF-o. receptors (36, 37), which may have
compensated for TNF-o. deficiency in our S. aureus bacteremia
model. Although IL-17A did not improve survival outcomes during
bacteremia in our model, IL-17A limits the systemic dissemination
of S. aureus from skin infection to kidneys (38). Thus, IL-17A may
be more important in the control of S. aureus infections in the tissue
rather than protection once bacteremia has occurred. Although not
analyzed in this study, there may be a role for IL-10 in the infectious
process during S. aureus bacteremia, as this cytokine correlates with
mortality in humans (11, 12). Collectively, our findings do not
support a role for TNF-o and IL-17A/F in survival outcomes during
S. aureus bacteremia in our preclinical mouse model.

We uncovered that Y0 T cell-intrinsic IL-1R signaling was
crucial for host survival during S. aureus bacteremia. Our findings
may relate to prior studies on the protective role of ¥d T cells and
other T cells against S. aureus skin infections and nasal colonization
(7, 8, 39-41). In contrast, IL-1R signaling on non-hematopoietic
cells was critical for protection against S. aureus skin infections (8).
Thus, these findings indicate that the protective cell type that
provides the IL-1R signal against S. aureus infections is context-
dependent. Given that IL-1R deficient mice succumbed to S. aureus
bacteremia within 2 days, our findings suggested that yd T cell-
mediated IL-1R signaling occurs soon after infection. In fact, y6 T
cells are an innate source of pro-inflammatory responses driven by
IL-1 cytokines independent of T cell receptor engagement (42, 43),
perhaps explaining the importance of IL-1R signaling on this T cell
subset for rapid protection against S. aureus bacteremia infections.
However, since IL-17A/F cytokines were not important for host
survival herein, and yd T cells produce IL-17 cytokines in response
to IL-1R signaling (42), it begs the question of how Yo T cell-
intrinsic IL-1R signaling is mediating protection against S. aureus
bacteremia? Our findings suggested that Y0 T cell-intrinsic IL-1R
signaling promotes monocyte recruitment to the spleen during S.
aureus bacteremia as a mechanism of protection. This may relate to
the known role of IL-1P to induce the monocyte-recruiting
chemokine, CCL2 (44, 45). Other potential explanations include
vd T cell production of antimicrobial peptides, IL-22, and
neutrophil recruiting chemokines to promote host survival (46,
47), which have been associated with protection against S. aureus at
other infection sites (13, 48). Understanding the localization and
mechanism of protection of the 8 T cell-specific IL-1R response
during S. aureus bacteremia will be part of our future interrogations.

There were limitations. For instance, our study was conducted
with a single S. aureus strain, limiting the broader conclusions of
our findings. However, other studies have tested additional S.
aureus strains in IL-1R deficient mice or mice treated with IL-1Ra
with similar results (26, 27, 49), suggesting that IL-1R-mediated
survival is not specific to a single S. aureus strain. Moreover, we
used a high inoculum of S. aureus in the bacteremia model (i.e.,
LD90), which may have missed phenotypes present in a lower
inoculum (e.g., LD50). Another limitation to the study is the
possibility that the phenotypes in our cell-specific IL-1R deficient
mice are due to changes in cytokine production in IL-10: and IL-18
rather than IL-1R-specific mechanisms. The use of tamoxifen to
delete IL-1R in the TCRS-IL-1R”~ mice may have influenced the
immune responses upon the S. aureus bacteremia infection (e.g.,
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neutrophil function) (50), which was observed in Figure 2C. To
control for these effects, we similarly treated the control WT
comparison group with tamoxifen. Importantly, deletion
efficiency in ¥8 T cells in Lck™ and TCRE™F® mice is ~20% and
~60%, respectively (18, 51), leaving the possibility that IL-1R
signaling on other T cell subsets not specifically tested in this
study (e.g., NK T cells and MAIT cells) contributed to host
survival during S. aureus bacteremia infections. Addressing these
limitations will be performed in our future work.

Taken together, the results of this study indicate that yd T cell-
intrinsic IL-1R signaling promotes host survival during S. aureus
bacteremia infections. Thus, IL-1R on yd T cells may serve as a host-
directed therapeutic target for the treatment of S. aureus bacteremia
infections and potentially other antibiotic-resistant infections.
Potential therapeutic strategies could include IL-1R agonism or
neutralizing the IL-1R antagonist (IL-1Ra) to promote survival
during S. aureus bacteremia. However, further studies are
warranted to understand the protective mechanisms of ¥8 T cell-
intrinsic IL-1R signaling against S. aureus bacteremia.
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Background: Degradation of the endothelial glycocalyx is critical for sepsis-
associated lung injury and pulmonary vascular permeability. We investigated
whether sulodexide, a precursor for the synthesis of glycosaminoglycans, plays a
biological role in glycocalyx remodeling and improves endothelial barrier
dysfunction in sepsis.

Methods: The number of children with septic shock that were admitted to the
PICU at Children’s Hospital of Fudan University who enrolled in the study was 28.
On days one and three after enrollment, venous blood samples were collected,
and heparan sulfate, and syndecan-1 (SDC1) were assayed in the plasma. We
established a cell model of glycocalyx shedding by heparinase Il and induced
sepsis in a mouse model via lipopolysaccharide (LPS) injection and cecal ligation
and puncture (CLP). Sulodexide was administrated to prevent endothelial
glycocalyx damage. Endothelial barrier function and expression of endothelial-
related proteins were determined using permeability, western blot and
immunofluorescent staining. The survival rate, histopathology evaluation of
lungs and wet-to-dry lung weight ratio were also evaluated.

Results: We found that circulating SDC1 levels were persistently upregulated in
the non-alive group on days 1 and 3 and were positively correlated with IL-6
levels. Receiver operating characteristic curve analysis showed that SDC1 could
distinguish patients with mortality. We showed that SDC1-shedding caused
endothelial permeability in the presence of heparinase Il and sepsis
conditions. Mechanistically, sulodexide (30 LSU/mL) administration markedly
inhibited SDC1 shedding and prevented endothelial permeability with zonula
occludens-1 (ZO-1) upregulation via NF-xB/ZO-1 pathway. In mice with LPS and
CLP-induced sepsis, sulodexide (40 mg/kg) administration decreased the plasma
levels of SDC1 and increased survival rate. Additionally, sulodexide alleviated lung
injury and restored endothelial glycocalyx damage.
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Conlusions: In conclusion, our data suggest that SDC1 predicts prognosis in
children with septic shock and sulodexide may have therapeutic potential for the
treatment of sepsis-associated endothelial dysfunction.

KEYWORDS

sepsis, sulodexide, glycocalyx remodeling, endothelium barrier function, Syndecan-1

Introduction

Sepsis is an immune dysregulation caused by an infection that
results in organ dysfunction (1). It is one of the main causes of death
in critically ill children. A recent study showed that sepsis-related
deaths account for 19.7% of global deaths (2).

Vascular endothelial cells have an important role in regulating
vascular smooth muscle tone, vessel barrier formation, systemic and
local inflammation, and coagulation and thus play a central role in
sepsis pathogenesis (3). The glycocalyx is a matrix coating of the
luminal surface of vascular endothelial cells and is largely
comprised of proteoglycans with attached or intercalated
glycosaminoglycans (4, 5). Damage to the glycocalyx leads to
endothelial dysfunction in sepsis, thereby increasing vascular
permeability (6). Enzymatic damage to the glycocalyx reduces the
expression of two endothelial cell proteins integral in maintaining
vascular barrier function: zonula occludens-1 (ZO-1), present in
tight junctions, and VE-cadherin integral to adherens junctions
integrity (7). Syndecan-1 (SDC1), a heparan sulfate proteoglycan of
the endothelial glycocalyx, affects the interaction of extracellular
matrix components and soluble ligands with the cell surface. Prior
work has demonstrated that SDCI1 levels are elevated in adults with
sepsis with higher SDCI levels corresponding with greater mortality
risk (8). Together, these data may suggest that in the setting of
sepsis, shedding of SDC1 from the endothelial glycocalyx may
increase endothelial permeability through a reduction in ZO-1/
VE-cadherin expression.

Sulodexide is a composite of fast-mobility heparin and
dermatan sulfate (9) with anti-inflammatory and glycocalyx-
protective properties (10, 11). Its anti-inflammatory properties
appear to lie in its ability to attenuate NF-kB activation as
observed in human retinal endothelial cells (12). Moreover, its
contribution to glycocalyx remodeling appears to attenuate
endothelial monolayer permeability as observed in mouse models
of sepsis (13). Though the precise mechanisms by which sulodexide
contributes to glycocalyx restoration and endothelial cell signaling
have not been fully characterized, this molecule serves as an
attractive therapy to ameliorate sepsis-induced endotheliopathy.

Here, we report a previously unidentified role of SDCI in
mediating endothelial permeability during sepsis and its
prognosis. This study revealed higher levels of plasma SDCI1 in
non-surviving septic shock children, compared with surviving
children, and the levels were positively associated with IL-6.
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Notably, the administration of sulodexide promoted SDCI-
remodeling and blockaded NF-xB pathway, resulting in
improvement of endothelial permeability, along with ZO-1
upregulation. In addition, sulodexide administration attenuated
SDC1 shedding and improved survival outcomes in murine
sepsis. Our study suggests that sulodexide administration raises
the prospect of preventing vascular leakage by remodeling the
endothelial glycocalyx during sepsis.

Methods
Patient enrollment and sample collection

This prospective cohort study was registered with
ClinicalTrials.gov (NCT03996720) and approved by the Children’s
Hospital of Fudan University (Protocol No. 2018219). Pediatric
patients (age 29 days to 18 years) were enrolled within 48 hours of
admission to the pediatric intensive care unit (PICU) at Children’s
Hospital of Fudan University for septic shock. The study period ran
from January 2019 to December 2020. The diagnosis of septic shock
was informed by the 2005 International Consensus Conference on
Sepsis in Children Guidelines (14). The exclusion criteria were death
within 24 h after entering the PICU, immunosuppressant use, or
immunodeficiency. We collected and analyzed medical records,
including demographic data and prognoses. Blood samples were
collected in ethylenediaminetetraacetic acid (EDTA) tubes on the
first and third day after inclusion and centrifuged at 400 x g for
10 min to separate plasma. The plasma was then frozen at -80°C for
future analysis.

Enzyme-linked immunosorbent assay

SDCI, heparan sulfate, and IL-6 were detected in human or
mouse plasma using commercially available enzyme-linked
immunosorbent assay (ELISA) kits (SDC1 human CD138,
Abcam, UK; mouse SDCI, Jianglai, China; human heparan
sulfate, Yaji, China; mouse heparan sulfate, Yaji, China; mouse
IL-6, Kelu, China; human IL-6, Kelu, China). Plasma levels of
SDC1, heparan sulfate, and IL-6 detected by ELISA were then
calculated using four-parameter logistic curves generated by
standards according to the manufacturer’s instructions.
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Animals

Specific pathogen-free (SPF) male C57BL/6] mice (3-4 weeks,
12-15 g) were obtained from JieSiJie Laboratory Animals (Shanghai,
China). Appropriate temperature and humidity were controlled
during a day-night cycle in the laboratory where the mice were
housed. Food and water were easily obtained, and all animal
experiments were conducted with ethical approval from the
Animal Studies Committee of the Children’s Hospital of Fudan
University (approval number: 2018219).

Endotoxemia model

The mice were randomly allocated to four groups (n=5/
experiment): LPS+SDX, LPS, SDX, and control. Within the groups,
mice were injected intraperitoneally (ip.) with LPS (30 mg/kg body
weight/mouse, Sigma, #1.2630) and/or treated intragastrically (ig.)
with sulodexide (40 mg/kg/mouse; Alfa Wassermann S.P.A.). Equal
amounts of saline or sulodexide were injected into the control mice or
mice in the SDX group. In the survival experiment, we recorded the
mortality in each group three times a day for 120 h after LPS
injection. For general anesthesia, 1% tribromoethanol was
administered, and the mice were sacrificed 12 h later. Blood and
lung samples were collected from the surviving mice.

CLP-induced polymicrobial sepsis model

We randomly grouped the mice into four (n = 5/experiment):
control, CLP, SDX, and CLP+SDX. The CLP-induced sepsis model
was developed based on previous literature (15). Briefly, after
anesthesia with 1% tribromoethanol, laparotomy was performed.
Cecum was ligated with 4-0 silk to 1 cm and punctured with a 22-
gauge needle. Subsequently, a small mound of feces was squeezed
from the hole after removing the needle. The peritoneum was
sutured with a 6-0 silk suture, and the skin was intermittently
sutured with a 4-0 silk suture. The same operation was performed
on the control mice without ligation and perforation. The CLP mice
were and/or intragastric (ig.) sulodexide (40 mg/kg). An equivalent
volume of normal saline (NS) was injected into the control mice.
After surgery, all the mice were subcutaneously resuscitated in 40
mL/kg saline. All the mice were sacrificed 24 h later. Retro-orbital
blood and lung samples were collected from the surviving mice.

Wet-to-dry lung weight ratio

The wet-to-dry (W/D) lung weight ratio indicated the degree of
pulmonary edema. The left lungs were obtained and weighed. After
the lungs were heated in oven at 60°C for 48 h, they were weighed
again. The dry-to-wet weight ratio was then determined.
Cell culture

Mouse microvascular endothelial cells (MLMECs) were

obtained from the Core Technology Facility of Center for
Excellence in Molecular Cell Science. Human umbilical vein
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endothelial cells (HUVECs) were provided by the Cell Bank of the
Chinese Academy of Sciences Shanghai Branch (Shanghai, China).
The passage number was from passage 3 (P3) to 8 (P8). The
MLMECs/HUVECs were cultured in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (Gibco,
MD, USA) and 1% streptomycin and penicillin (Hyclone). Cells
were placed in an incubator at 37°C, 5% CO,, and 95% humidity.

Cell treatment conditions

The MLMECs were allocated into four groups: (i) control
group; cells were treated with serum-free medium for 2 h; (ii)
heparinase III group; cells were treated with 15 mU/mL heparinase
III (H8891, Sigam-Aldrich) for 2 h, 4 h, or 8 h, (iii) SDX group; cells
were treated with 30 LSU/mL SDX for 2 h, and (iv) heparinase III
+SDX group; cells were pretreated with 30 LSU/mL SDX for 2 h,
then with 15 mU/mL heparinase III for 2 h, 4 h, or 8 h.

Pulmonary histopathology evaluation

The left lungs of mice were removed and fixed in 4%
paraformaldehyde. Subsequently, embedding, dewaxing, and
hydration were performed, after which the sections were cut into
slides, stained with hematoxylin and eosin, and observed under a
microscope. The degree of lung injury was evaluated based on the
degree of inflammatory cell infiltration and congestion of the
lung tissue.

Immunofluorescent staining of lung
tissues, MLMECs, and HUVECs

Lung tissue sections were deparaffinized with xylene and
dehydrated with ethanol. The antigen was retrieved before
immunofluorescence, and MLMECs were grown on a Confocal Dish
(Dianrui, Shanghai, China) with proper treatment. Cells were fixed
with 4% paraformaldehyde and ruptured using 0.1% Triton X-100.
After blocking with 5% donkey serum, cells were prepared for
immunofluorescence. Both were incubated with goat anti-mouse
primary antibody to SDCI1 (1:100; af3190, R&D Systems). They were
then incubated with secondary antibodies conjugated to Alexa Fluor-
488 (1:100; A12398, Thermo Scientific). For immunocytochemistry,
HUVECs were incubated with rabbit anti-human primary antibody to
SDCI (1:100; ab128936, Abcam). They were then incubated with
secondary antibodies conjugated to Alexa Fluor-488 (1:100;
ab150077, Abcam). For the detection of heparan sulfate, MLMECs/
HUVECs were incubated with primary mouse IgM to F58-10E4 (1:100;
370255-S, Amsbio) and then with secondary antibodies conjugated to
Alexa Fluor-488 (1:1000; A10680, Thermo Scientific). Cell nuclei were
counterstained with 4,6’-diamidino-2-phenylindole (DAPI). After
staining, the cells were observed under a confocal laser scanning
microscope SP8 (Leica Microsystems, Wetzlar, Germany), and
images were recorded with LAS AF Lite 2.6.0 (Leica Microsystems,
Wetzlar, Germany).
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Western blot

MLMECs were lysed using RIPA buffer (Beyotime
Biotechnology, Shanghai, China) containing protease and
phosphatase inhibitors (Thermo Fisher Scientific, Carlsbad, CA,
USA). Equal amount of protein (20 g per well) was added to a
sodium dodecyl sulfate-polyacrylamide gel and separated by
electrophoresis. The protein was transferred onto PVDF
membranes (Millipore). Membranes were blocked with 5% skim
milk in 0.1% Tween 20. Next, the membrane was incubated with
primary antibody at 4°C. The membrane was then incubated with a
horseradish peroxidase-conjugated secondary antibody. ECL
system (Invitrogen) was used to detect signals. The following
primary antibodies were used: ZO-1 (1:1000; 3391001, Invitrogen),
VE-cadherin (1:1000; ab33168, Abcam), NF-kB/p65 (1:1000; 8242,
Cell Signaling Technology), NF-KB/p-p65 (1:1000; 3033S, Cell
Signaling Technology), and B-actin (1:5000; 3700S, Cell
Signaling Technology).

RNA extraction and quantitative real-time
PCR analysis

TRIzol reagent was used to extract total RNA from MLMECs.
Reverse transcription was performed using a reverse transcription
kit (Takara, Tokyo, Japan) according to the manufacturer’s
instructions. RT-qPCR was performed using the SYBR Premix Ex
Taq (Takara, Tokyo, Japan) on a LightCycler 480 II (Roche,
Sweden). The evaluation of relative expression of mRNA was
through the 27**“" method which normalized the expression of
GAPDH. The primers used for RT-qPCR are listed in
Supplemental Table 1.

Evaluation of endothelium
barrier permeability

MLMECs were cultured using the Transwell system (0.4 um
pore size polyester membrane inserts, Corning, Union City, CA,
USA). Measurement of FD40 across the endothelium was used to
evaluate endothelial barrier permeability (16). The MLMECs were
treated with or without heparinase III (15 mU/mL) or SDX (30
LSU/mL). We added 0.1 mg/mL of FD40 to the upper inserts and an
equal amount of serum-free medium was added to the lower
compartments of the Transwell system for 60 min. Fluorescence
across the upper inserts was measured at excitation and emission
wavelengths of 490 and 520 nm, respectively.

Statistical analyses

All experiments were carried out at least 3 times independently.
After conducting a normality test, data was analyzed by the
Student’s t-test or one-way ANOVA followed by Tukey’s analysis
(for normally distributed data); and showed as the means + SEM
through SPSS v21.0 (SPSS Inc., Chicago, IL, USA). The Receiver
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Operating Characteristic (ROC) curve was used to determine the
area under the curve (AUC) for SDCI expression. GraphPad Prism
7.00 (GraphPad Software, La Jolla, CA, USA) and Adobe Photoshop
CC 14.0 (Adobe, San Jose, CA, USA) were used for processing. p
values less than 0.05 were considered significant.

Results

SDCl1 is a predictor of prognosis in children
with septic shock

We studied 28 children with septic shock who were admitted to
the PICU of Children’s Hospital of Fudan University. Of these
patients, nine died and 19 survived 28 days after admission
(Supplemental Table 2). We found that SDC1 levels in the non-
survival group were significantly upregulated compared to those in
the survival group with septic shock on the first (day 1) and third
day (day 3). On day 1, the median SDCI levels in patients in the
survival and non-survival groups were 375 (IQR 258-769) ng/mL
and 983 (IQR 843-1398) ng/mL, respectively (p = 0.002). IL-6 levels
were also significantly upregulated in the non-survival groups
(Figure 1A). However, there was no difference in the levels of
heparan sulfate between the survival and non-survival groups on
day 1 (Figure S1A). Higher SDC1 levels were associated with higher
IL-6 levels (Figure 1B). However, on day 3, the levels of SDCI,
unlike heparan sulfate, were still higher in patients in the non-
survival group (median 573 (IQR 257-914) ng/mL) than those in
the survival group (median 210 (IQR 124-499) ng/mL) (p = 0.05)
(Figure S1B). The SDCI levels decreased over time in the two
groups compared to heparan sulfate levels (Figure 1C). The ROC
curve showed that the accuracy of plasma SDCI1 on day 1 for
predicting mortality was 0.856 (Figure 1D). Taken together, these
data suggest that SDC1 expression is a prognostic predictor in
children with septic shock.

Sulodexide decreased heparinase Ill-
induced shedding of SDC1 in MLMECs

SDCI is a member of a small family of transmembrane
proteoglycans that are mainly expressed on the cell surface, and
the main marker of endothelial glycocalyx degradation (17). To
reduce the effect of endothelial cell inflammation on the glycocalyx
stimulated by LPS, we used heparinase IIT as a specific hydrolytic
agent of the glycocalyx to explore the effect of glycocalyx shedding
on endothelial cells. Although heparinase III is not predicted to
cause SDCI shedding based upon its expected site of activity at
heparan sulfate molecules, reducing the amount of heparan sulfate
by addition of bacterial heparinase III can elevate SDC1 shedding
dramatically (18-20). Sulodexide is a glycosaminoglycan consist of
heparan sulfate and dermatan sulfate with anti-inflammatory
property, which reduces the release of LPS-stimulated
inflammatory mediators from macrophages (21). Heparin and
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heparin derivatives, as the main components of sulodexide, are
believed to bind acute-phase and complement proteins, cytokines,
and growth factors (22). In addition, sulodexide has numerous
antiproteolytic effects via modulation of serine and metalloprotease
enzymes, and matrix metalloproteinases, which are also involved in
shedding of the glycocalyx (23).

To test the effect of sulodexide on the endothelial glycocalyx layer,
we performed MLMECs and HUVEC:s culture conditions in presence
of heparinase III. As expected, heparan sulfate was removed from the
endothelium by heparinase III (Figures S2A, B). Notably, the
administration of heparinase III also induced the shedding of SDC1
from the membrane of MLMECs, and the administration of
supplemental sulodexide significantly presented a rescue at different
times (Figures 2A—C). The same result was found in HUVECs (Figures
S2C, D). Next, we assessed whether sulodexide increased SDC1 levels
in MLMECs by upregulating the expression of the SDCI gene.
Therefore, we measured SDCI mRNA expression under these
conditions. However, we found no difference in the different
treatment groups on SDCI mRNA expression (Figure S2E). Thus,
these data showed that sulodexide could improve heparinase III-
induced SDC1 expression, but not by increasing SDCI gene expression.
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Sulodexide prevented endothelial
permeability through enhancing
Z0O-1 expression

The effect of sulodexide on EC barrier function was assessed using
a Transwell system (Figure 3A). We found that SDX decreased
heparinase-III-induced endothelial permeability (Figure 3B).
Sulodexide also prevented heparinase-induced endothelial cell
permeability in HUVECs (Figure S3A). Interestingly, permeability
improved in the SDX group compared to the control group. VE-
cadherin and ZO-1 were important components that play crucial roles
in the maintenance of EC barrier (24, 25). We aimed to determine
whether endothelial barrier dysfunction due to SDC1 shedding is
associated with ZO-1 and VE-cadherin. Notably, 2 h or 4 h after
treatment with heparinase III, the levels of VE-cadherin and ZO-1
markedly decreased, as determined by western blot analysis
(Figures 3C, D). Interestingly, the administration of supplemental
sulodexide upregulated heparinase IIl-induced ZO-1 levels rather
than VE-cadherin levels (Figures 3C, D; S3B, C). Altogether, these
data suggest that sulodexide can prevent glycocalyx shedding-induced
endothelial permeability by increasing ZO-1 expression.
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Sulodexide improved permeability via
abolishing activation of NF-kB signaling

Under various pathophysiological conditions, NF-kB plays an
important role in inflammatory phenotypic changes as a
transcription factor in endothelial cells (26). After glycocalyx
disruption, shear stress leads to the upregulation of ICAM-1 protein
expression and increased NF-kB activation (27). However, it is unclear
whether the expression of ZO-1 is mediated by the NF-xB pathway
when heparinase III degrades the glycocalyx. To address this, we
evaluated the levels of NF-xB/p-p65 and NF-kB/p65 in total.
Phosphorylated p65 levels markedly increased within 15/30 min of
heparinase treatment and decreased with the addition of sulodexide in
MLMECs/HUVECs (Figures S4A, B). With the administration of
sulodexide, phosphorylated p65 decreased after heparinase treatment
in MLMECs/HUVEC:s (Figures 4A, B). Similarly, the administration of
Bay 11-7082, an inhibitor of NF-kB, markedly attenuated heparinase
II-induced increases in phosphorylated p65 and increased the
expression of ZO-1 (Figures 4C-F). Collectively, our results revealed
that the activation of NF-kB signaling contributes to the expression of
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ZO-1 when heparinase III degrades the glycocalyx in MLMECs/
HUVECs. Notably, sulodexide can promote the remodeling of
glycocalyx and improve permeability by preventing NF-kB/ZO-1
signaling overactivation (Figure 4G).

Inhibition of SDC1 shedding by sulodexide
improved lung injury and prevented death
in septic mice

We established a sepsis model using CLP and LPS (Figure 5A).
First, we measured SDCI levels in the plasma of mice with sepsis.
We found that SDC1 was upregulated in mice with sepsis. With the
administration of sulodexide, the SDCI level was downregulated,
and the survival rate of mice with sepsis improved (Figures 5B-E).
However, sulodexide treatment did not reduce IL-6 levels during
sepsis (Figures 5B, D). Taken together, these data suggested that
sulodexide restored the survival rate and decreased SDCI
expression in the plasma of mice with sepsis.
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Sulodexide improved endothelial permeability resulting from glycocalyx shedding-induced ZO-1 disruption. (A) Pattern diagram for transwell model
MLMECs were treated with 15 mU/mL Hep Ill for 2 h, 4 h or 8 h, and/or 30 LSU/mL SDX for 2 h, respectively. (B) Relative fluorescence value of FD40
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(D) Statistical analysis of the levels of ZO-1. Data were expressed as means + SEM; *p < 0.05, **p < 0.01, ***p <0.001

We evaluated the histology of the lungs in mice. Notably, in the
LPS/CLP group, lung tissues were remarkably damaged, unlike
those in the control group. Compared with the LPS/CLP group,
there was a marked improvement in morphological features in the
LPS+SDX/CLP+SDX group (Figures 5F, S5A). To determine
pulmonary vascular permeability in mice, we measured the wet/
dry (W/D) ratio of lung tissues. As expected, the LPS/CLP increase
in W/D in the lung tissues were significantly inhibited by sulodexide
(Figures 5G, S5B). Finally, we assessed glycocalyx damage by
measuring SDCI expression lung tissues fluorescent labeling of
the lung tissue. In the sepsis model, SDC1 expression was lower
than in the control group. Sulodexide helped preserve SDC1
expression in the lung tissues of the sepsis model (Figures 5H, I,
S5C). Altogether, these data show that sulodexide prevented lung
injury and sepsis-induced the shedding of endothelial glycocalyx

in mice.

Discussion

This study provides evidence of the protective effects of
sulodexide on the glycocalyx induced by sepsis and heparinase
III. First, we found that SDC1 levels in the plasma of children with
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septic shock were related to prognosis. In vitro, we observed that
sulodexide inhibited the shedding of SDCI and heparinase III-
provoked hyperpermeability in MLMECs, and significantly restored
the heparinase III-induced suppression of ZO-1, but not VE-
cadherin. Furthermore, we found that the permeability improves
via the NF-xB/ZO-1 pathway when heparinase III degrades
glycocalyx. Third, sulodexide downregulated SDCI1 levels in vivo
and restored the survival rate of mice with sepsis. Additionally,
sulodexide alleviated lung injury and restored endothelial
glycocalyx damage.

Sepsis is a dysregulated response to an infection that affects all
organs. The endothelium is an important component involved in
the process of sepsis (28). Endothelial function can affect sepsis
prognosis. The glycocalyx on the surface of the endothelium forms a
part of the endothelial function. During sepsis, the glycocalyx may
be shed by various mechanisms, such as metalloproteinases,
heparanase, and hyaluronidases (29). SDC1 and heparan sulfate
are the main components of glycocalyx (30). Previous studies have
shown that SDC1 is a prognostic marker in patients with sepsis (31,
32). Our findings confirm that SDC1 is associated with mortality.
However, in our study, the other two components were not related
to the prognosis in children with septic shock. Thus, SDC1 may
serve as a biomarker for the prognosis of children with sepsis.
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Sulodexide promoted permeability via abolishing activation of NF-kB signaling (A, B) MLMECs (A)/HUVECs (B) were treated with 15 mU/mL Hep IlI
for 15/30 min. Cells in the Hep Il14+SDX group were pre-treated with 30 LSU/mL sulodexide for 2 h. Cells in the SDX group were treated with
sulodexide for 2 h without Hep IlI. (C, D) MLMECs (C)/HUVECs (D) were treated with 40 uM/mL Bay 11- 7082 for 12 h. Cells were then treated with
or without 15 mU/mL Hep IlI for 15/30 min. The levels of NF-xB/p-p65 and NF-kB/p65 were quantified by western blot. (E, F) MLMECs €/HUVECs
(F) were treated with 40 uM/mL Bay 11- 7082 for 12 h. Cells were then treated with or without 15 mU/mL Hep IIl for 15/30 min. The levels of ZO-1
were quantified by western blot. (G) A schematic pattern. SDX protects vascular permeability via glycocalyx remodeling against sepsis in vivo and in

vitro. Data were expressed as the means + SEM; *p <0.05, **p <0 .01.

In vascular homeostasis, during sepsis, heparanase causes the
glycocalyx to shed (33). Heparanase can degrade heparan sulfate
chains of the glycocalyx. Heparanase inhibition may have beneficial
effects on endothelial function by blocking glycocalyx shedding and
disruption (34). Doxycycline and heparin were used to inhibit
glycocalyx degradation in previous studies (35, 36). Sulodexide is
similar in composition to glycocalyx and has an anti-heparanase
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effect (37). In this study, treatment of MLMECs exposed to
heparinase IIT with sulodexide was effective in preventing glycocalyx
degradation, especially with SDC1. In vivo, sulodexide restored the
survival rate and decreased plasma expression of SDCI1 in septic mice.
In addition, sulodexide alleviated lung injury and restored endothelial
glycocalyx damage in mice with sepsis. Consistent with our data,
sulodexide accelerated EG regeneration in vitro (13).
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FIGURE 5

Inhibition of SDC1 shedding by Sulodexide improved lung injury and survival in septic mice. (A) Pattern diagram of the septic mouse model. Mice
were pretreated with sulodexide (40 mg/kg) for 2 h before LPS injection or CLP procedure and those mice were observed for 12 h following LPS and
24 h following CLP before euthanasia. (B, D) ELISA to detect the plasma levels of SDC1 and IL-6 in the LPS (20 mg/kg)-challenged (B) and CLP-
induced (D) septic model. (C, E) Survival curves after sulodexide administration to LPS (30 mg/kg)-challenged (C) and CLP-induced (E) mice, n=10/
group/experiment. (F) Representative lung tissue sections stained with HE at X100 (D) in LPS-induced sepsis model. (G) Lung tissue W/D weight ratio
in LPS- induced sepsis model. (H) Representative immunofluorescence images of SDC1 in lungs, scale bar = 200 um. (I) Densitometry of SDC1
immunofluorescence in lungs. Data are expressed as means + SEM; *p < 0.05.

The traditional Starling’s principle is thought to regulate
vascular permeability. Hydrostatic and oncotic forces inside and
outside the vascular lumen determine filtration across the
microvasculature. However, the glycocalyx, as the structural
determinant of the oncotic gradient, is a part of the revised
Starling equation (38, 39). Sulodexide can restore the shredded
endothelial glycocalyx and prevent further degradation. A previous
study showed that glycocalyx perturbations and increased vascular
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permeability were partially reversed following sulodexide
administration in patients with type 2 diabetes (40). In our
preliminary experiments, the significant increase in heparinase
[I-induced endothelial permeability was curtailed by sulodexide
treatment. Correction of endothelial permeability is likely related to
the structural and functional restoration of the glycocalyx. In
addition, the restoration of cell-to-cell junctions can decrease
endothelial permeability. In a previous study, upregulation of
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SDCI1 significantly restored occludin and ZO-1 expression in sepsis
(41). In this study, we found that sulodexide upregulated ZO-1
expression following heparinase III administration. However, VE-
cadherin expression was not restored by the sulodexide treatment.
Thus, sulodexide may contribute to the synthesis of the endothelial
glycocalyx via an unclear mechanism.

It has been demonstrated that NF-B is a transcription factor of
inflammation in sepsis. Previous studies reported that when the
glycocalyx was removed, the activity of NF-kB changed (27).
Consistently, sulodexide protects human retinal endothelial cells
from high-glucose damage via downstream NF-kB activity (12).
However, MCTRI and PCTRI stabilized the glycocalyx via NF-xB
pathway, thereby improving the endothelial barrier in sepsis (42,
43). In this study, we found that sulodexide also restored endothelial
glycocalyx and improved permeability via the NF-xB/ZO-1
pathway. A previous study showed that SDCI1-high-Exos or
overexpression of SDC1 overexpression were significantly
associated with endothelial function restoration (44).

There were several important limitations to this study. Heparinase
IT1, which specifically hydrolyzes heparan sulfate and can directly lead
to glycocalyx shedding, was preferred as a stimulus for in vitro
glycocalyx investigation in our study. However, in the presence of
heparinase III, SDC1 and heparan sulfate were both degraded. A
method to specifically shed heparan sulfate or SDCI in vitro is lacking.
Moreover, SDC1 and heparan sulfate affect NF-xB activation in
previous studies (44-46). In this study, we attempted to link
heparinase II-induced SDC1 shedding to downstream upregulation
of p65 activity and resultant loss of ZO-1 expression. However,
avoiding the influence of heparan sulfate remains difficult. The
investigation on SDCI and heparan sulfate in NF-xB/ZO-1 signaling
remains to be comprehensively established. Moreover, heparan sulfate
fragments may promote NF-xB signaling in endothelial cells (47).
Therefore, we cannot completely rule-out an increase in NF-kB
signaling by shed heparan sulfate fragments released from the
endothelial glycocalyx following heparinase III treatment. Finally, our
in vitro experiments were performed under static conditions.
Conditioning endothelial cells with shear stress impacts glycocalyx
composition (48) and more closely recapitulates the in vivo
environment. Therefore, further work is required to validate our
findings in flow conditioned endothelial cells.

In summary, this study demonstrated a previously unknown role
of SDC1 in prognosis for children with septic shock and promoting
vascular permeability by inducing ZO-1 disruption mediated by NF-«xB
dependent signaling in ECs. Sulodexide administration may thus serve
as a helpful treatment in sepsis by attenuating glycocalyx shedding and
downstream EC signaling that promotes vascular leakage.
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SUPPLEMENTARY FIGURE 1

Glycocalyx as biomarkers to predict the prognosis of children with septic
shock. (A) ELISA to detect the levels of heparan sulfate in plasma from
children with sepsis on day 1. (B) Levels of SDC1 and heparan sulfate in
plasma from septic children on day 3. Bars and error bars represent the mean
+ SEM; *p < 0.05; ns, no significance.

SUPPLEMENTARY FIGURE 2

Sulodexide decreased heparinase Ill-induced shedding of SDC1 in MLMECs/
HUVECs. (A) MLMECs or HUVECs were treated with 15 mU/mL Hep Il for 2 h.
Representative images of immunofluorescence of heparan sulfate, scale
bar=200um. (B) ELISA to detect the levels of heparan sulfate in
supernatant of MLMECs or HUVECs-treated with Hep Il for 2 h. (C)
HUVECs were treated with 15 mU/mL Hep Il for 2 h. Cells in the Hep IlI
+SDX group were treated with 30 LSU/mL sulodexide for 2 h before Hep IlI
treatment. Cells in the SDX group were treated with sulodexide for 2 h, and
then with PBS in the same volume. Representative images of
immunofluorescence of SDC1 on HUVECS, scale bar = 200 um. (D) ELISA to
detect the levels of SDC1 in supernatant of HUVECs-treated with Hep Il for
2 h. (E) MLMECs were treated with 15 mU/mL Hep Il for 2 h, 4 h, or 8 h. Cells
in Hep I11+SDX group were treated with 30 LSU/mL sulodexide for 2 h before.
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